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PREFACE 


This  Appendix  is  essentially  the  final  report  subnitted  to  the 
Chief  of  Engineers  on  15  June,  1950  by  the  firm  of  Anunann  and  'i/Vhitney, 
Consulting  Engineers,  76  Ninth  Avenue,  New  York  11,  N*  Y*,  in  partial 
fulfillment  of  Contract  Vir49-129-Eng-148*  Their  final  report  contained 
the  following  items  as  specified  in  paragraph  C-6  of  their  contract; 

a*  A  description  and  discussion  of  design  procedures  and  methods 
for  use  in  the  design  of  blast  resistant  structures,  including  the  source 
of  material,  the  basic  assumptions,  and  the  expected  accuracy  of  the 
assumptions • 

b*  A  description  of  each  of  the  buildings  in  the  test  structure 
including  complete  plans  and  specifications# 

o*  A  complete  presentation  of  the  pres sure -time  curves  used  as 
the  design  loads  on  the  various  buildings# 

d#  Summary  sheets  tabulating  the  pressures,  materials,  dimensions, 
and  the  unit  stresses  for  the  various  panels,  walls,  roofs  and  frames# 
e«  Samples  of  the  computations  for  the  test  building  illustrating 
various  detailed  procedures# 

f#  A  summary  of  the  proposed  instrumentation  with  emphasis  on  the 
type  of  information  desired,  with  drawings  and  charts  showing  the 
location  and  required  sensitivity  of  the  instruments# 

g#  An  outline  of  a  recommended  general  and  detailed  procedure  for 
the  analysis  of  the  field  measurements  and  the  modification  of  the 
design  methods# 


h*  An  outline  of  a  tentative  procedure  for  designing  blast  resist¬ 
ant  structures  including  prelimimry  recommendations  on  preferable 

construction  materials  and  types  of  framing* 

i#  A  bibliography  of  technical  literature* 

Distribution  of  printed  and  bound  copies  of  the  Ammann  &  Whitney 
report  was  made  by  the  Office,  Chief  of  Engineers  to  certain  interested 
agencies  and  individuals  subsequent  to  its  publication  in  June,  1950*  It 
has  been  republished  as  a  part  of  the  Final  Greenhouse  Report  because 

numerous  references  are  made  to  it  in  various  portions  of  the  Arniy  Struc¬ 

tures  Test  Report  which  require  that  it  be  available  to  the  many  recipients 
of  the  Greenhouse  Reports  who  were  not  included  in  the  original  distribution 
of  the  Ammann  &  V^'hitney  report  by  the  Office,  Chief  of  Engineers*  Further, 

it  is  considered  appropriate  that  the  criteria,  design  assumptions  and 

other  data  contained  therein  be  made  a  matter  of  record  in  connection 
with  the  Greenhouse  tests  since  these  data  are  not  contained  elsewhere 

in  the  Army  Structures  Test  Report* 

Due  to  its  earlier  publication  as  a  separate  report,  this  Appendix 

does  not  follow  the  format  established  for  the  Greenhouse  reports.  In 
order  that  any  references  mo.y  be  applicable  to  those  copies  of  the  report 
distributed  by  the  Chief  of  Engineers  as  well  as  to  this  Appendix,  the 
report  has  been  reproduced  herein  exactly  as  initially  published,  with 
the  exception  of  certain  corrections  vrhich  have  been  made.  Also,  drawings 
showing  later  revision  dates  have  been  used  in  lieu  of  those  contained  in 
the  report  as  published  initially. 

It  should  be  noted  that  the  analysis  and  discussion  relative  to 
the  steel  mill  building  design  on  page  l8  and  in  Part  A  2.3.6  of  Appendix  2 
of  the  Ammann  and  Whitney  Eeport  have  not  been  deleted  although  the  steel 
mill  buildings  were  eliminated  from  the  test  program  after  the  design  had 


been  made. 


15  September,  1951 
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DESIGN  OF  STRUCTURES  EXPOSED  TO  HEAVY  BLAST  LOADS 


PART  !•  INTRODUCTION 


Contents 


1*1  Conditions  and  Requirements  of  Program 
for  the  Corps  of  Engineers,  Protective 
Construction  Branch 

1*2  Types  of  Test  Structures 

1,3  Range  of  Strength  of  Test  Structures 

l*li  Design  Procedures 

1,5  Direction 


1.1  Conditions  and  Requirements  of  Program  for  the  Corps  of  Engineers, 
Protective  Construction  Branch 


1.1.1  Scope  of  Service 

The  service  rendered  by  the  contractor  included 
providing  detailed  plans  and  specifications  for  the  varied 
structures  as  described  by  the  test  program  of  the  Corps  of 
Engineers,  Protective  Construction  Branch.  Additional 
details  of  the  service  included  the  checking  of  shop  drawings, 
preparation  of  an  estimate  of  construction  costs,  and  aid  in 
the  preparation  of  drawings  showing  the  location  and  mounting 
of  the  recording  instruments. 

From  the  time  the  requirements  of  the  test  program  were 
first  presented,  the  contractor  has  worked  in  close  collabora¬ 
tion  with  the  government  consultants  and  under  the  general 
direction  of  the  Protective  Construction  Branch  of  the  Corps  of 
Engineers.  The  contractor  also  received,  at  various  times,  test 
data,  reports,  and  constructive  suggestions  from  the  same  groups. 
The  reports  of  the  investigations  conducted  by  the  Massachusetts 
Institute  of  Technology  for  the  first  part  of  the  Corps  of 
Engineers  test  program  were  particularly  useful  in  this  respect. 

The  close  cooperation  of  Dr,  Curtis  W,  Lampson  in  providing 
the  necessary  loading  curves  also  played  an  essential  part  in 
the  successful  progress  of  the  program, 

A  number  of  conferences  were  held  during  the  execution  of 
the  contract,  at  which  time  the  Corps  of  Engineers  and  the  con¬ 
sultants  reviewed  the  methods  and  procedures  being  used  in  the 
design,  offering  their  suggestions,  criticisms,  and  general 
approval , 
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1^1^2  Development  of  the  Contract 


The  original  program  formulated  by  the  Corps  of  Engineers  con¬ 
sisted  of  a  number  of  structxires  including  a  multi-story  building, 
three  stories  in  height,  50  feet  wide  and  190  feet  in  length]  a  one- 
story  steel  mill  building  50  feet  x  200  feet;  and  a  two-story  wood 
barracks  building,  approximately  30  feet  x  80  feet#  These  buildings 
were  to  consist  of  the  structural  framing  and  the  closure  walls, with¬ 
out  architectural  trim  or  finishes  and  without  utilities . 

The  contract  was  later  modified  by  eliminating  the  steel  and 
wood  buildings  and  by  adding  a  varied  type  personnel  shelter*  The 
multi-story  building  remained  as  originally  intended  except  for  minor 
changes  which  permitted  fuller  utilisation  of  its  various  sections  for 
test  purposes*  This  to  an  extent  compensated  for  the  elimination  of 
the  steel  mill  building  and  other  independent  test  units* 

1,1,3  Pujrpose  of  the  Investigation 

The  primary  purpose  of  this  investigation  is  to  develop  proced¬ 
ures  for  the  structural  design  of  buildings  to  resist  the  heavy 
impulsive  loads  of  A-Bomb  blasts* 

Such  procedures  are  needed  in  order  to  determine  the  types,  pro¬ 
portions,  and  costs  of  buildings  suitable  for  resisting  such  loads 
and  to  indicate  the  practical  limits  of  blast  resistance*  These 
methods  will  also  provide  a  rational  approach  to  the  problem  of  esti¬ 
mating  bomb  damage  of  an  assumed  bomb  on  any  specific  structure* 

In  order  to  cariy  out  the  contract,  it  has  been  necessary  to 
develop  new  methods  for  analyzing  structures  under  impulsive  loading* 
These  procedures  include  the  effect  of  the  inertia  of  the  mass  of  the 
structure  and  the  energy  absorbing  ability  of  the  materials  in  the 
plastic  range*  Prior  to  the  develofaaent  of  the  basic  assumptions,  a 
study  was  made  of  available  reports  on  tests  of  dynamic  properties  of 
structural  materials  and  members.  The  ultimate  strength  of  rein¬ 
forced  concrete  members  has  been  estimated  by  use  of  the  plastic 
theory  which  is  much  more  realistic  than  the  standard  ^straight  line 
theory”  currently  used  in  the  design  of  ordinary  buildings. 

A  study  was  made  of  the  effect  of  A-bomb  blasts  on  buildings  in 
Japan  and  large  bombs  in  Europe  for  the  purpose  of  reconciling  the 
proposed  design  procedure  with  past  experience* 

Instead  of  designing  the  structure  in  a  conventional  manner  so 
that  the  stresses  in  all  parts  are  well  below  the  elastic  limit  or 
yield  stress,  it  has  been  assumed,  in  order  to  take  advantage  of  the 
absorption  of  blast  energy  by  plastic  action  of  the  building  frame, 
that  certain  structural  members  will  be  stressed  beyond  their  elastic 
limit*  To  obtain  this  condition,  it  is  intended  to  permit  the  maximum 
distortion  of  the  frames  and  walls  irtiich  is  possible  without  danger 
of  collapse  or  irreparable  damage  to  the  usefulness  of  the  building* 


In  order  to  check  and  refine  ihe  design  procedures  developed, 
they  Here  applied  concurrently  to  the  design  of  a  group  of  buildings 
Hhich  are  to  be  tested  by  exposure  to  an  A-bomb  blast.  Instrumenta¬ 
tion  of  the  test  structxires  for  the  purpose  of  deriving  useful  infor¬ 
mation  on  the  basic  assumptions  is  recommended  in  this  report  and 
methods  of  analysing  of  the  test  data  are  considered* 

Some  general  conclusions  have  been  draim  as  to  proper  procedure 
in  designing  buildings  for  the  purpose  under  consideration,  but  general 
and  comprehensive  rules  must  await  a  thorough  post-test  analysis  of  the 
behavior  of  the  structures  and ,  from  this ,  an  examination  of  the 
suitability  of  the  adopted  design  criteria. 

1#2  Types  of  Test  Structures 

Since  the  most  iii5)ortant  modem  construction  materials  are  structural 
steel  and  reinforced  concrete,  buildings  with  frames  of  each  are  included 
in  the  test  structures.  No  masoniy  bearing  walls  were  used  because  of 
their  very  poor  blast  resistance  though  some  reinforced  brick  panels  are 
included  to  obtain  general  information.  Floor  slabs  are  in  all  cases  mon¬ 
olithic  reinforced  concrete  because  of  its  continuity  and  superior  toug^i- 
ness.  A  great  variety  of  materials  and  designs  are  used  for  the  wall 
panels  in  an  attempt  to  secure  ixiformation  iriiich  will  be  helpful  in  design^ 
ing  any  type  of  curtain  wall  which  may  later  appear  to  be  practical. 

One  of  the  -buildings  has  been  designed  as  a  shear-wall  structure  of 
reinforced  concrete  with  the  solid  cross  walls  at  each  end  to  resist  the 
horisontal  thrust  of  the  blast.  This  type  may  prove  very  economical  under 
favorable  conditions,  but  because  of  its  greater  rigidity  its  action  under 
dynamic  loading  is  quite  different  from  that  of  the  flexible  f ramies*  It 
was  therefore  felt  important  to  make  a  full  scale  test  of  its  action  and 
a  building  of  this  type  was  included  as  one  of  the  requirements  furnished 
to  the  contractor. 

Tests  are  also  to  be  made  on  a  semi-buried  personnel  shelter 
structure  utilizing  various  types  of  steel  and  concrete  units. 

1.2.1  Frame  Buildings 

(a)  Structural  Steel  and  Reinforced  Concrete  Frames.  Both  steel 
and  concrete  buildlnga  were  included  in  accordance  with  the  orig¬ 

inal  scope  of  the  program.  Though  it  developed  that  the  less  massive 
steel  buildings  would  probably  cost  considerably  more  than  the  equiva¬ 
lent  strength  reinforced  concrete  buildings,  these  buildings  provide 
several  useful  functions  which  warrant  their  construction. 

The  walls  of  the  steel  buildings  are  of  steel  construction,  much 
lighter  than  concrete  walls,  and  are  made  discontinuous  at  each  floor 
level  to  simplify  future  interpretation  of  the  tests  and  to  facilitate 
evaluation  of  the  design  procediires.  The  entire  lateral  blast  iiqpulse 
of  these  buildings  is  therefore  carried  solely  by  the  frame  action  of 
the  columns  and  girders.  The  concrete  buildings,  on  the  contrary,  have 
reinforced  concrete  walls  continuous  from  top  to  bottom  which  give 
considerable  assistance  to  the  frame  by  adding  to  both  the  mass  and  the 
resistance  to  lateral  motion. 
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The  steel  frame  building  is  expected  to  provide  test  data  on 
the  behavior  of  structural  steel  in  the  plastic  range,  to  test  the 
adequacy  of  high  yield-point  ductile  welded  connections  under  blast 
^  loads,  and  to  indicate  the  comparative  cost  of  such  construction* 

Tests  of  the  concrete  buildings,  heavier,  stiff er  and  more  economical 
than  the  steel  buildings,  will  yield  very  valuable  information  regard¬ 
ing  the  action  of  reinforced  concrete  under  suddenly  applied  thrust  and 
bending,  and  on  many  other  aspects  of  its  behavior,  such  as  its  bond 
and  shear  strength,  which  are  not  well  understood  at  present  even  under 
static  loading# 

(b)  Buildings  With  and  Without  Windows  *  In  the  A-bombings  of 
Japan,  conventional  multi-storied  buildings  of  both  steel  and  rein¬ 
forced  concrete  fared  rather  well  when  they  were  2^00  feet  or  more 
from  Aground  zero.”  In  such  structxires,  the  windows  and  light  curtain 
walls  evidently  failed  without  substantial  resistance,  reducing  the 
horizontal  impulsive  load  by  reduction  of  the  effective  resisting  area 
before  large  deformations  had  occurred*  While  these  openings  are 
helpful  in  reducing  damage  to  the  frame  and  reducing  danger  of  over¬ 
turning,  such  construction  offers  little  protection  to  personnel  and 
contents  of  the  building*  In  cases  idiere  windows  are  not  actually 
required  by  the  occupancy  of  the  building,  the  question  therefore 
arises  as  to  whether  or  not  windowless  blast-proof  wall  panels  can  be 
provided  without  \xnreasonable  expense  or  damage  to  the  frame* 

For  this  reason  independent  sections  of  both  the  steel  and  con- 
^  Crete  buildings  were  designed  with  and  without  windows  to  test  the 

difference  in  behavior  between  these  two  arrangements  offering  widely 
different  degrees  of  protection  to  the  structure,  its  contents,  and 
its  personnel* 

^  Frames  of  equal  strength  are  used  for  the  buildings  with  and 

without  window  openings,  so  that  they  will  provide  horizontal  blast 
load  capacity  through  a  wider  range  of  loading  intensity,  will  record 
the  action  under  different  degrees  of  plastic  deformation,  and  will 
provide  an  almost  direct  comparison  of  the  impulse  applied  to  each 
type*  The  increase  in  range  is  partic\ilarly  inqportant  because  of 
probable  inaccuracies  in  estimating  the  intensity  of  blast  pressure 
for  which  the  test  structures  are  designed. 

1*2*2  Shear  Wall  Building 


As  any  reinforced  concrete  building  having  blast  resistant  walls 
would  have  such  walls  on  all  sides,  a  new  element  resisting  lateral 
motion  is  introduced  into  the  structure.  The  stiff  floors  will  trans¬ 
mit  hoarizontal  load  to  the  relatively  rigid  side  wails  before  suffi¬ 
cient  deformation  has  occurred  to  load  the  more  flexible  frames.  This 
produces  a  radically  different  distribution  of  stresses  in  ail  parts 
of  the  structure  and  its  foundations  from  that  assumed  in  the  frame 
buildings*  If  it  is  possible  to  provide  such  rigid  cross  wails  at  suit¬ 
able  intervals,  they  may  provide  the  required  lateral  strength  at 
lower  cost  than  frames.  They  are  however  subjected  to  much  higher 
shears  under  dynamic  load  because  of  their  lack  of  flexibility. 
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In  order  to  develop  design  procedures  and  test  data  for  this 
type  of  structure,  the  central  building  of  the  seven  buildings  in  the  H 

multi- story  group  was  designed  as  a  shear  wall  structure  with  four 
solid  walls  on  an  elastic  foxmdation# 
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SHEAR  WALL  BUILDING 
FIGI.2,2-1 
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1.2.3  End  Cell  Buildings 

The  end  buildings  in  the  multi-story  group  serve  to  isolate  the 
interior  buildings  from  the  end  blast  effects ♦  These  buildings,  con¬ 
sisting  of  rigid  reinforced  concrete  cells,  also  provide  an  oppor¬ 
tunity  for  the  testing  of  various  types  of  panels  built  into  the 
exposed  faces.  These  panels  include  one-way  and  two-way  reinforced 
concrete  slabs,  light  gage  steel  siding,  corrugated  asbestos  siding, 
and  plain  and  reinforced  brick  panels.  A  wide  range  of  panel 
strengths  is  used  in  order  to  insure,  insofar  as  possible,  that  re¬ 
gardless  of  the  range  in  blast  intensity,  sane  panels  will  carry  the 
load  within  the  elastic  range  while  others  will  exhibit  plastic 
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yield.  It  is  hoped  that  the  variety  of  test  panels  is  sufficient  to 
permit  the  appraisal  of  any  practical  type  of  panel  construction 
after  the  test  results  are  analyzed* 


Sectional  Plan 


Longitudinal  Section 
(Interior  Typical) 


END  CELL  BUILDINGS 
FIG.  1.2.3- 1 


1. 2, L  Arrangement  of  Multi^Story  Buildings 

For  economy,  the  various  test  buildings  are  arranged  to  min¬ 
imize  the  number  of  structures  needed  to  seal  the  blast  from  the 
interior  of  the  different  buildings.  To  acccanplish  this,  concrete 
and  steel  frame  buildings  with  windows  are  placed  side  by  side 
between  the  end  cell  building  and  the  central  shear  wall  building* 
The  two  frame  buildings  without  windows  are  symmetrically  and 
similarly  placed  on  the  other  side  of  the  shear  wall  building* 

The  arrangement  of  the  different  types  of  multi-story  buildings 
and  their  general  dimensions  are  in  figure  1*2*U-1* 
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ARRANGEMENT  OF  MULTI -STORY  BUILDINGS 
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1.2.5  steel  Mill  Btilldings 

Careful  consideration  was  given  to  the  testing  of  a  conventional 
tfpe  one-stoiy  steel  mill  building  ?d.th  a  cpuiparatively  long  roof 
span.  Detailed  designs  were  prepared  which  will  be  included  and  de¬ 
scribed  in  this  report.  It  was  found  to  be  very  difficult  to  provide 
blast  resistance  for  this  type  because  of  its  large  area  of  exposiire 
and  lack  of  mass  to  absorb  the  (^amic  blow.  Because  of  its  extreme¬ 
ly  hi^  cost  and  the  limitation  of  funds,  the  steel  mill  buildings 
will  not  be  built  for  test.  Figure  1.2. 5-1  shows  the  general  dimen¬ 
sions  of  the  steel  mill  building  assumed  for  analysis  and  design. 
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Sectional  Plan 
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1*2 .6  Personnel  Shelter 


Included  in  the  test  is  a  personnel  shelter  buried  in  the 
grovind  -with  sufficient  earth  cover  to  provide  protection  against 
radiation*  It  is  divided  in  two  parts  by  a  tunnel  entranceway 
open  at  both  ends  to  avoid  trapping  the  blast.  One  part  is  of 
cast-in-place  reinforced  concrete  of  rectangular  cross  section 
designed  to  resist  the  blast  loading  without  sutetantial  deforma¬ 
tion.  The  other  part  is  composed  of  short  sections  of  precast 
concrete  of  varying  strengths,  and  a  corrugated  section  of  steel 
circtilar  pipe.  The  general  arrangement  is  shovm  in  figure  1.2. 6-1. 

1,3  Range  of  Strength  of  Test  Structures 

Formulas  used  in  structural  design  are  inexact  even  for  the  sim¬ 
plest  static  loading  conditions  because  of  unpredictable  variations 
in  both  the  characteristics  of  the  materials  involved  and  inaccuracies 
in  design  theories.  For  example  the  tensile  strength  of  steel  pur¬ 
chased  under  a  standard  specification  may  vary  twenty  percent  or  more.  • 
These  physical  properties  are  further  affected  the  speed  of  strain¬ 
ing  although  an  insufficient  amount  of  experimental  work  has  been  com¬ 
pleted  on  this  phase  to  permit  accurate  prediction  of  the  behavior  of 
materials  and  structural  members  under  an  impulsive  loading  such  as 
a  bomb  blast# 

Analytical  procedures  have  been  developed  by  this  contractor  for 
calculating  the  deformation  of  structural  frames  and  members  subjected 
to  blast  loading#  It  is  believed  that  these  procedures ,  which  are 
based  on  a  study  of  available  data,  will  prove  to  be  satisfactory,  but 
their  application  to  any  specific  case  depends  on  many  assumptions  and 
design  siB5)lifications  Ti*.ich  will  necessarily  introduce  uncertainties, 
at  least  until  they  are  tested  and  modified  by  further  laboratory 
research  and  tests  on  prototypes* 

Fxirther  uncertainty  is  introduced  by  the  fact  that  the  assumed 
intensity  of  blast  loading  involves  an  estimate  of  the  bomb’s  "ex¬ 
plosive  equivalent,"  and  the  application  of  shock  wave  theory  and  the 
elaborate  and,  as  yet,  somewhat  uncertain  diffraction  theory.  As  a 
result  there  are  Expected  to  be  certain  errors  in  the  sets  of  time- 
pressure  curves  which  have  been  furnished  to  the  contractor  and  wiiich 
have  necessarily  been  used  by  him  in  estimating  the  loads# 

Taking  these  factors  into  consideration,  an  attempt  has  been  made, 
in  designing  the  test  structures,  to  include  a  range  of  strengths  which 
will  be  wide  enough  to  assure  that  the  A-bomb  blast  will  produce  action 
providing  the  desired  information  despite  the  uncertainties.  Care  has 
been  exercised  to  avoid  insofar  as  possible  either  complete  collapse  of 
the  structure,  which  might  destroy  all  evidence  except  measurements 
recorded  prior  to  failure,  or  a  too  conservative  design  in  which  the 
deflections  would  all  lie  within  the  elastic  range,  thereby  throwing 
little  light  on  the  behavior  in  the  plastic  range,  and  on  the  probable 
modes  of  failure# 


After  thorough  consideration,  the  following  design  criteria  were 
selected  as  being  the  ones  Tirtiich  would  probably  give  the  most  valuable 
test  results. 

(a)  The  framed  buildings  are  designed  for  a  maximum  floor  to  floor 

displacement  as  follows:  Percent  of 

Theoretical  Pressure 
Building  6$^  lOQ^  13S% 

Concrete  framed  buildings  -  without  windows  V'  lii”" 

Concrete  framed  buildings  -  with  windows  1*^  2i”  6” 

Steel  framed  buildings  -  without  windows  9” 

Steel  framed  buildings  -  with  windows  1”  2”  3" 

(b)  The  roof  slabs  were  originally  designed  for  a  deflection  of  l/32 
under  125^  of  the  theoretical  blast  load*  Due  to  the  reduction 

in  the  estimated  blast  pressures  and  a  shift  in  the  building  loca¬ 
tions,  the  deflections  of  these  members  are  now  expected  to  be 
near  the  elastic  range. 

(c)  The  front  wall  panels  in  general  are  designed  for  a  deflection  of 
L/32  at  a  pressure  of  135^  of  the  estimated  blast  pressures. 

The  rear  walls  are  expected  to  carry  the  loads  at  or  near  the 
elastic  range, 

(d)  The  various  test  panels  on  the  end  buildings  were  originally  de¬ 
signed  for  deflections  of  l/32  of  their  span  under  a  range  of  load¬ 
ing  varying  from  $0%  to  l50^  of  the  original  estimated  blast  pres¬ 
sure.  For  the  same  reason  as  mentioned  in  (b)  the  range  is  now 
increased  to  cover  60%  to  175^  and  in  some  cases  higher  percentages 
of  the  blast  load. 

In  covering  a  range  from  50^  to  of  the  estimated  blast  pres¬ 

sures  in  the  design  of  the  panels  covering  the  faces  of  the  end 
buildings,  the  probability  is  accepted  that  some  will  either  fail 
completely  or  will  work  only  in  the  elastic  range.  There  seems 
to  be  no  alternative  which  would  insure  that  at  least  part  of 
the  structural  elements  will  undergo  the  desired  kind  of  action 
(plastic  yield  without  failure). 

(e)  The  poured-in-place  portion  of  the  shelter  is  designed  to  carry 
the  blast  pressure  with  small  total  deflections  and  anticipates 
a  minimum  evidence  of  plastic  yield  on  the  interior  exposed  sur¬ 
faces.  The  precast  and  corrugated  iron  sections  are  designed  in 
varied  strengths  in  an  attempt  to  obtain  design  information  on 
the  load  distribution  to  rigid  and  flexible  members  buried  in  the 
ground, 

A  more  complete  listing  of  the  expected  deflections  is  shown  in 
Appendix  3 • 
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Design  Procedures 

The  analysis  of  the  major  part  of  the  structural  members  under 
dynamic  loading  has  been  effected  by  ste^by-step  procedures,  although 
8 exoi-' graphical  methods  were  found  convenient  in  some  cases*  These 
procedures  have  proved  to  be  single  and  effective  when  applied  to  the 
design  of  the  test  buildings,  the  most  lengthy  solution  being  that  for 
the  frame  building  with  the  front  and  rear  walls  participating  in 
resisting  lateral  bending*  possible  simplifications  are  also  indicated 
for  this  case  but  were  not  carried  to  coii5)letion  as  it  is  believed  that 
a  better  evaluation  will  be  possible  after  the  basic  assumptions  have 
been  coaafinned  by  the  tests# 

The  proposed  tests  will  permit  the  observation  of  the  effect  of 
actual  pressures  on  structures  built  of  materials  of  known  physical 
characteristics.  The  design  theory  can  then  be  checked  and  refined 
and  reviewed  for  possible  simplification*  With  that  accoo^lished, 
lAe  theoiy  may  be  applied  to  structuies  of  widely  different  propor* 
tions  to  determine  the  bomb  resistance  of  existing  buildings  or  to 
design  new  buildings  for  any  specific  set  of  conditions* 

1*5  Direction 


This  contract  has  been  executed  under  the  direction  of  the  Corps 
of  Engineers  and  their  consultants  who  have  reviewed  the  major 
principles  involved  in  the  work  and  offered  very  helpful  suggestions* 

The  following  government  en^jloyed  consultants  collaborated  ?rith 
the  contractor. 

Dr#  Nathan  M.  Newmark,  Research  Professor  of  Structural 

Engineering,  University  of  Illinois. 

Dr#  John  D.  Wilbur,  Head,  Department  of  Civil  and  Sanitary 

Engineering,  Massachusetts  Institute 
of  Technology. 

Dr#  Charles  H.  Norris,  Professor,  Massachusetts  Institute  of 

Technology. 

Dr.  Robert  J.  Hansen,  Associate  Professor,  Massachusetts 

Institute  of  Technology. 

The  data  concerning  the  blast  pressures  was  furnished  by  Dr.  Curtis 
W#  Lampson,  Chief  Engineering  Division,  Ballistic  Research,  Ordinance  Depart¬ 
ment,  U#S#A« 
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Contents 

2.1  Introduction 

2.2  Blast  Pressure  Loadings 

2.2.1  Characteristics  of  the  Shock  V/ave 

2.2.2  Effect  of  Change  in  Pressure  Load 

C  harac  t e  ri s  tic  s 


2.1  Introduction 


The  blast  pressure  loading  on  the  structures  is  a  pressure-time 
function  of  the  structures'  size  and  shape,  of  the  distance  from  the 
blast  center,  and  of  the  explosive equivalent  of  the  source  of  the 
blast  impulse^  These  pressures  were  computed  by  means  of  the  diffrac¬ 
tion  theory  supplemented  by  model  sh'-pk  tube  experiments. 

Different  sets  of  time-pressure  curves  (^)were  furnished  for 
different  locations  on  different  buildings  of  the  test  structure 
and  these,  of  necessity,  are  used  as  exact  values  though  an  assunp- 
tion  of  a  +  3$%  error  in  the  intensity  of  the  loading  is  considered 
in  the  design  analysis.  Other  projects  will  require  similar  in¬ 
formation  and  loads.  Presimiably  this  information  will  be  available 
from  the  appropriate  agencies  in  the  near  future. 

2.2  Blast  Pressure  Loadings 


2.2.1  Characteristics  of  the  Shock  Wave 


The  basic  shock  wave  consists  of  an  abrupt  rise  in  pressure  to 
peak  positive  intensity,  a  gradually  decreasing  positive  phase,  and  a 
following  negative  or  suction  phase  (^/of  approximately  twice  the  dura¬ 
tion  of  the  positive  phase  as  shown  in  figure  2. 2.1-1. 


(.1)  C.  W.  Lampson,  Pressure-Time  Curves 
(2)  H.  L.  Bowman,  "Bombs  vs  Buildings" 
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This  pressure,  or  shook  wave  travels  outward  from  the  point  of 
detonation  at  a  speed  which  is  approximately  1400  to  1500  feet 
per  second  at  the  location  of  the  test  structures.  The  pressure 
decreases  in  intensity  but  increases  in  duration  with  distance 

from  the  burst.  As  the  shook  wave  reaches  the  face  of  an  % 

obstructing  building,  the  wave  is  compressed  and  reflected  pro¬ 
ducing  pressures  of  increased  intensity  on  the  obstructing  sur¬ 
face,  the  intensity  depending  on  the  shape,  size  and  openness 
of  the  obstructing  objects.  The  peak  magnitude  becomes  approxi- 

mately  three  times  the  side-on  pressure  though  the  duration  of  % 

the  positive  phase  remains  the  same.  A  typical  curve  showing 
the  variation  in  pressure  on  the  building  face  with  respect  to 
time  is  shown  by  figure  2 .2. 1-2. 


During  the  time  that  the  pressures  are  being  reflected  and  built 
up  on  the  front  face,  the  shock  front  continues  an  uninterrupted 
advance  over  the  top  and  around  the  ends  of  the  structure,  and 
finally  reaches  the  rear  of  the  building  where  pressures  are  ex¬ 
erted  on  the  rear  T/all  estimated  to  be  as  shown  in  figure  £♦  2.1-3. 
Local  disturbances  occur  at  the  front  edges  of  the  sides  and  roof 
resulting  in  a  varying  of  pressures  along  these  surfaces  as  indi¬ 
cated  by  figure  2.2.1-U. 
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FIG.2.2.1-4 


The  net  translational  force  on  the  building  including  the  forces 
acting  on  the  front  and  rear  walls  is  shown  in  figure  2#2.1-5* 


Openings  in  the  exposed  face  of  the  building  not  only  reduce  the 
total  are^  subjected  to  the  blast  pressure  but  also  permit  the 
wave  to  enter  the  structure  and  back  up  the  remaining  loaded  front 
face.  The  estimated  pressure-tiine  curves  representing  this  load¬ 
ing  condition  are  expected  to  be  as  shown  in  figure  2* 2*1-6 • 


The  suction  phase  of  the  pressure  loading,  is  indicated  by 
figure  2. 2. 1-1.  During  this  suction  phase  the  exterior  pressure 
drops  and  the  air  within  the  closed  buildings  tends  to  iorce  out  the 
containing  walls  and  slabs#  Though  this  pressure  is  relatively 
small  as  compared  to  the  positive  reflected,  phase,  it  may  be  large 
compared  to  conventional  loads  and  reinforcement, and  stinactural 
details  should  be  provided  to  resist  this  reversed  loading. 

2.2.2  Effect  of  Changes  in  Pressure  Load  Characteristics 

f 

Separate  sets  of  pressure  loading  curves  were  provided  in  July 
19U9,  October  19h9 ,  February  1950,  March  1950  and  April  1950  respec¬ 
tively.  These  loadings  included  the  initial  set;  a  second  complete 
set  with  pressure  increased  approximately  33^^  the  third  set  with  the 
pressures  decreased  to  near  the  original  peak  loads  but  with  a  change 
in  intensity-duration  causing  approximately  a  50^  increase  in  total 
in^ulse;  a  fourth  set  of  pressure  loads  showing  some  increase  in 
load  duration  and  a  material  decrease  in  rear  wall  pressure  and  con¬ 
sequently  a  further  increase  in  the  net  translational  force;  and 
finally  a  fifth  set  containing  such  modifications  as  proved  necessary 
to  obtain  agreement  between  the  theoretical  pressures  and  the  pres¬ 
sures  indicated  by  extensive  experimental  studies  being  conducted  at 
the  present  time#*  These  pressure  curves  are  shown  in  Appen^x  1. 

From  this  rather  broad  group  of  peak  intensities,  load  durations,  and 
impulse  curves,  investigated  at  65^,  100^  and  135^  of  the  given  in¬ 
tensity,  certain  general  conclusions  as  to  the  effect  of  these  loads 
and  similar  loads  may  be  drawn  which  'will  be  outlined  briefly  here: 

V 

(1)  The  behavior  of  the  light  brittle  members  acting  as  wall  and  roof 

panel  units  is  dependent  on  the  peak  pressure  and  the  increase  in 
strength  of  the  material  with  the  rate  oi  loading,  and  is  independ¬ 
ent  of  the  load  duration.  ^ 

(2)  The  behavior  of  light  ductile  members  acting  as  wall  and  roof  panels 
is  dependent  on  peak  pressure,  the  increase  in  strength  of  the  ma¬ 
terial  with  rate  of  lQading,and  on  the  ductility  of  the  material,  and 
is  independent  of  the  duration  of  the  peak  loading.  Because  these 
ductile  members  may  be  designed  for  deformation  in  the  plastic  range 
the  required  strengths  of  the  members  decrease  by  as  much  as  h0%  and 
^0%  below  that  which  would  be  required  by  design  within  the  elastic 
range. 

(3)  Heavy  ductile  panels  are  governed  by  both  the  peak  intensity  of 
loading  and  the  duration  of  the  peak  loading.  The  greater  mass  of 
the  heavy  panels  acts  favorably  to  limit  the  rate  of  acceleration  and 
deformation  and  the  maximum  allowable  deformation  may  be  reached  suf¬ 
ficiently  after  the  peak  intensity  has  passed  to  permit  use  of  design 
strengths  considerably  less  than  the  strength  necessary  to  carry  the 
peak  intensity  as  a  static  load. 


*  Dr.  Curtis  W#  Lamp son.  Head  of  Engineering  Division,  Ballistic  .Research 
Laboratory,  Ordnance  Division,  U.S.A.  and 

Dr#  Walker  Bleakney,  Physics  Department,  Princeton  University,  (Office 
of  Naval  Research  Project). 
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(k)  Building  frames  are  sensitive  not  only  to  the  peak  intensity  and 
the  duration  of  the  peak  load  itself^  but  also  the  total  in^ulse 
and  the  time  distribution  of  the  impulse* 

^  It  is  thus  readily  apparent  that  the  separate  elements  of  the 

building  will  react  differently  to  the  intensity  and  duration  of 
the  pressure  loading  and  the  designer  of  blast  resistant  buildings 
should  know  not  only  the  possible  errors  in  the  loading  intensity 
but  also  the  variation  in  the  shape  of  the  pressure-time  curve 
>  with  distance  in  order  to  produce  a  balanced  design* 

It  should  be  remembered  that  the  members  are  being  designed 
for  a  limit  loading  and  large  plastic  deformations  are  assumed* 

This  procedure,  in  certain  cases,  assumes  considerable  delicacy  in 
design  and  a  small  addition  to  the  design  load  may  result  in  ex¬ 
cessive  deformations  or  failure  of  the  member*  For  example,  if  the 
behavior  of  a  light  ductile  material  is  considered,  as  shown  below 
by  figure  2 *2 *2-1  and  as  described  in  detail  later  in  section  2#3*3^ 
the  difference  between  the  ultimate  strength  and  the  load  pulse  may 
be  only  1Q%.  Therefore  if  the  load  is  increased  only  $%  the  dif¬ 
ferential  between  the  resistance  provided  and  the  load  will  be 
halved  ahd  the  deformation  will  be  doubled*  If  the  load  increases 
10^  or  more  the  member  will  fail* 


FIG.2.2.2"I 

The  overturning  force  of  the  net  blast  pressure  on  the  front  and 
rear  walls  is  so  large  that  the  expense  of  providing  mechanical  anchor¬ 
age  against  these  loads  is  practically  prohibitive*  The  blast  pressure 
on  the  roof,  however,  serves  as  an  important  stabilisizig  agent  against 
such  motion*  In  order  that  full  advantage  may  be  taken  of  the  devel¬ 
oped  roof  pressures,  recorded  time-pressure  curves  obtained  from  the 
test  buildings  should  be  carefully  studied  and  compared  with  the  exper¬ 
imental  and  theoretical  values* 

^  A  similar  point  of  almost  equal  importance  concerns  the  pressure 

on  the  footings  projecting  beyond  the  walls  of  the  building*  Defic¬ 
iencies  in  rioting  moment  resulting  in  either  overturning  motion  or  in 
an  insufficient  factor  of  safety  against  overturning,  may  often  be 
overcome  relatively  inexpensively  by  extending  the  footing  and  using 
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the  blast  pressure  on  this  area  to  anchor  the  buildingo  In  this 
case, as  for  the  roof  pressures,  accurate  values  of  the  pressure 
intensity  are  important.  Overestimating  the  pressure  on  the  foot¬ 
ing  will  result  in  a  lowered  factor  of  safety  while  an  under¬ 
estimate  will  result  in  excessive  construction  costs. 


2 .3  Behavior  of  Structures  Resisting  Static  and  Dynamic  Loads 


Contents 
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2*3 •!  Introduction 

Conventional  stnictural  design  proceduies  deal  with  the  appli¬ 
cation  of  static  loads  or  of  dynamic  loads  which  are  a  relatively 
small  part  of  the  total  load.  Usually  equivalent  static  loads  are 
substituted  for  these  dynamic  loads.  As  the  static  loads  are  m- 
sumed  to  be  of  long  duration,  the  stresses  ai*e  kept  well  within 
the  elastic  limit  to  prevent  continuing  deformation  and  ultimate 
failure . 

In  contrast,  structures  designed  to  resist  a  single,  diort- 
time  impulsive  blast  load,  which  will  probably  occur  only  once, 
may  be  limited  only  by  deformations  ^ich  will  render  the  st^cture 
inadequate  from  a  functional  standpoint,  or  which  will  make  it  in¬ 
capable  of  carrying  the  subsequent  static  loads. 

Although  equivalent  static  loads  may  be  substituted  for  dynam¬ 
ic  loads  in  conventional  design,  this  procedure,  while  suitable  for 
certain  types  of  blast  pressure  framing,  results  in  uneconomical 
designs  in  many  other  instances  idiere  full  advantage  might  be  taken 
of  the  short  duration  of  the  typical  peak  blast  intensities,  the 
mass  of  the  yielding  member,  and  the  greater  energy  absorption 
available  in  the  plastic  range.  In  these  cases  the  design  should 
consider  the  mass,  acceleration,  deceleration,  and  vibration  of 
the  particular  member  under  the  intensity,  duration,  and  shape  of 
the  given  pressure  cuiTfe.  This  condition  is  particularly  tirue 
for  high  mass,  slow  acting  members  and  frames. 
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The  following  few  paragraphs  of  section  2*3  are  added  to  describe, 
by  means  of  simplified,  idealized  examples,  the  general  concept  of  the 
design  theory  utilizing  elastic  and  plastic  resistance  in  carrying 
^namic  loads* 

Throughout  the  description  the  applied  force  will  be  compared  to 
a  resistance  developed  in  the  structural  member*  While  the  resulting 
curves  are  conveniently  simplified,  it  must  be  emphasized  that  the 
dynamic  and  not  the  static  resistance  is  being  shown,  this  dynamic 
resistance  being  a  variable  which  is  a  function  of  the  rate  of  load¬ 
ing*  As  an  exaggerated  example  of  this  effect,  if  it  is  assumed  that 
the  dynamic  strength  is  doubled  under  the  rapidly  applied  load  of  the 
example  illustrated  by  figure  2*3*3-'l>  the  condition  would  then  be  such 
that  the  strength  requirements  for  an  instantly  applied  pulse  would  be 
doubled  over  the  static  load  strength  requirements  but  the  available 
resisting  strength  of  the  member  would  also  be  doubled  because  of  the 
assumed  rate  of  loading  effect.  Therefore  the  original  member  which 
might  be  just  adequate  for  the  static  load  wotild  also  be  adequate  for 
the  dynamic  load.  A  discussion  of  the  effect  of  the  rate'  of  loading 
on  the  dynamic  strength  will  follow  in  section  2,U*2* 

It  is  recognized  that  the  unit  stress  will  increase  if  the  member 
is  sufficiently  strained  to  cause  work  hardening.  This  property  is  not 
shown  in  the  assumed  resistance  curves  used  in  the  discussion  immedi¬ 
ately  following  because  of  the  limiting  values  of  strain  adopted  as  the 
maximum  permissible.  Later  portions  of  the  report  will  discuss  this 
property  of  the  material  including  an  estimate  of  the  effect  of  the 
rate  of  loading  on  the  initiation  of  strain  hardening. 

2*3.2  The  Idealized  Resistance  Function 


The  resistance  function  for  a  manber  may  be  defined  as  the  curve 
showing  the  relation  between  load  and  the  displacement  of  the  point 
loaded*  For  a  simple  tension  member  it  would  be  the  stress-strain 
curve*  (For  certain  particular  cases,  described  later,  the  resistance 
function  may,  as  an  alternate  condition,  be  a  curve  showing  the  rela¬ 
tion  of  the  resistance  with  respect  to  time.) 


Assuming  the  stress -strain  curve  as  shown  in  figure  2. 3. 2-1  as  repre¬ 
senting  the  resistance  function  for  a  normal  load  applied  gradually,  the 
stored  energy  for  strains  within  the  elastic  limit,  6^,  is  completely 
transformed  into  potential  energy  of  strain  and  can  be  recovered  by  un¬ 
loading  the  member.  The  total  stored  energy  per  unit  volume  of  the 
member  at  the  elastic  limit  is 
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FIG.  2. 3.2-1 


If  the  load  is  maintained  at  the  stress  Sy  (figure  2*3 •2-1),  the 
eluent  ^dll  continue  to  strain  without  further  increase  in  stress, 
■yifhen  the  defomation  reaches  the  added  energy  absorbed  by  the 
element  will  be 


Up  =  Sy(£0'“ 


and  the  total  energy  will  be  the  sum  of  and  Up 


Assuming  a  unit  volume  of  steel  with  an  elastic  limit  of  30,000 
p.s.i.  and  a  modtalus  of  elasticity  of  30  x  10^,  deformed  to  total 
elongation  of  2%v 

30, OOOp.sJ.>  0.001"  , 

Up  =  30,000p.s.i.x  0-019  =  570in.lbs. 


U^H-Up  =  585  in. lbs. 

The  energy  absorbed  during  the  2%  strain  under  the  static  loading 
is  thus  39  times  the  energy  absorbed  in  the  elastic  range.  Assuming 
2%  strains  to  be  permissible  in  plastic  limit  design,  the  energy  ab¬ 
sorbed  in  the  elastic  range  therefore  becomes  relatively  unimportant, 
amounting  to  only  about  of  the  total. 


For  very  rapid  loading,  the  shape  of  the  resisting  function  is 
assumed  similar^  however,  the  yield  strength  and  the  work  absorbed  by 
the  member  will  vary  with  the  rate  of  loading. 


It  should  be  noted  that  the  shape  of  the  resistance  function  be¬ 
tween  zero  deflection  and  the  yield  point  (  0  and  E  on  figure  2.3 *2-1) 
appears  as  a  straight  line^  As  shown  later,  hov^ever,  there  seems  pod 
reason  to  believe  that  the  shape  of  the  curve  within  the  elastic  limit 
may  vary  from  the  linear  stress-strain  relationship,  when  rates  of  load¬ 
ing  are  high. 
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2*3 .3  Absorption  of  Energy  under  Dynamic  Loads 

Assume  a  load  P  instantaneously  applied  and  continuing  ■with 
constant  intensity  applied  to  a  member  ■with  a  dynamic  yield  strength 
^  double  the  applied  force  as  shoTO  in  figure  2*3 *3-1. 

Py 
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FIG.  2.3. 3-1 

At  the  time  of  initial  loading  the  kinetic  energy  and  the  re¬ 
sistance  of  the  member  are  zero  and  the  force  starting  the  mass  in 
motion  is  P  .As  the  loading  continues  the  member  -will  deflect, 
building  up  resistance.  During  this  time  the  excess  of  the  applied 
force  P  over  the  increasing  resistance  -will  be  spent  accelerat¬ 
ing  the  mass  of  the  member.  The  velocity  of  the  member  increases 
until  the  deformation  reaches  Cm  at  -which  time  the  unbalanced 
force  is  zero  but  the  mass  of  the  element  has  obtained  a  peak  veloc¬ 
ity.  At  the  time  of  the  deformation  the  work  done  by  the  appQied 
load  isPx€|vi  ♦  Half  of  this  energy  is  stored  as  potential  energy  in 
the  element  -while  the  other  half  is  transformed  into  the  kinetic 
energy  of  the  moving  body,  triiich  continues  to  deform  the  element* 

As  the  strain  increase®  beyond  point  6|^  under  the  influence 
of  the  momentm,  the  resisting  force  becomes  larger  than  the  load 
P  :  and,  due  to  the  excess  of  resistance  over  the  load,  the 
velocity  diminishes,  becoming  zero  -where  the  strain  is  €a  • 


Since  the  strain  Ga  is  within  the  elastic  range  at  the  time 
of  zero  velocity,  €^=2£|y|  and  the  potential  energy  stored  within  -the 
element  is  P  X  eA>  is  t-vice  "the  intensity  and  four  times  the  potential 
energy  which  would  be  built  up  by  a  static  load  of  the  same  intensity.  To 
review  this  concept  from  the  standpoint  of  work:  the  energy  put  into  de~ 
formation,  the  product  of  force  times  motion  Px  £a>  is  represented  on  figure 
2 *3 .3-1  by  the  rectangle  0  PN  6a  .  The  energy  absorbed  by  the  de- 
formatidn  is  represented  by  triangle  0  A  £a  i  the  area  of  which  must 
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equal  the  area  of  OPN  6a  equilibrium  is  reached.  As  area 
OMN&a  common  to  both  the  rectangle  and  triangle  0  A 6a  * 
it  is  apparent  that  triangle  A  M  N  will  be  equal  to  0  P  M  . 

These  triangles  being  similar,  we  see  that  the  strain  resulting  ft*om 

applying  the  load  suddenly  is  twice  what  it  would  be  under  a  gradu-  * 

ally  applied  load,  and  that  the  stresses  also  are  twice  as  high. 

Using  the  same  loading  condition,  but  assuming  a  lower  elastic 
limit  as  shown  in  figure  2.3 .3-2,  the  velocity  at  the  time  that  the  de-  . 

formation  reaches  ,  the  point  at  idiich  the  net  force  is  zero,  is 

the  same  as  describe  above. 


FIG.  2.  3.  3 -2 


Because  of  the  energy  acquired  up  to  point  M  ,  the  member 
will  continue  to  strain  with  increasing  resistance  to  point  E  , 
which  represents  the  yield  point,  and  with  constant  resistance  there¬ 
after. 


As  in  the  elastic  case  (figure  2.3 .3-1),  the  velocity  will  be¬ 
come  zero  when  area  II  becomes  equal  to  area  I,  and  the  energy  applied 
Px  €b  equal  the  energy  absorbed,  as  represented  by  the  area  under 
the  curve  OEB 

It  is  apparent  that  the  final  deformation  €b  depends  on  the 
magnitude  of  the  yield  strength  Py  .  By  proper  design  of  the  mem¬ 
ber,  knowing  the  dynamic  yield  point  of  its  material  and  intensity  of 
loading,  we  may  hold  the  deformation  to  any  predetermined  magnitude. 
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Using  the  same  steel  properties  and  2%  elongation  listed  in  section 
2*3*2  thens 

Eg  =  0.020 


4 


Px  0.001 
2 


=  (Py-P)0.0I9  (Approximately) 


Py’  I.03P 

After  point  B  is  reached  the  member  will  vibrate  elastically  about 
the  deformed  position  under  the  load  P  until  the  oscillations  are  dan5>ed 
out#  At  this  time  the  deflection  will  be  the  same  as  under  the  static 
load  P. 

If  the  load  is  then  gradually  decreased  from  point  P  ,  the  rebound 
will  parallel  the  original  elastic  rise  and  the  unloaded  strain  or  permanent 
set  for  the  element  at  rest  will  be  Gy  ♦  The  potential  energy  stored 
within  the  members  is  only  6^  greater  than  the  potential  energy  stored 
under  a  gradually  applied  load  although  the  strain  is  20  times  as  great* 

The  balance  of  the  applied  energy  will  have  been  absorbed  in  plastic 
deformation# 

p 

The  ratio  may  be  called  the  dynamic  load  factor  and  indicates 
in  this  case  that  the  dynamic  yield  strengtii  the  mSiber  should  be  1#03 
times  the  applied  load  in  order  that  the  allowable  deformation  should  not 
be  exceeded#  It  should  be  noted  that  the  dynamic  load  factor  is  the  ratio 
of  the  equivalent  static  load,  which  would  produce  the  maximum  allowable 
deformation,  to  the  actual  dynamic  load.  This  definition  is  also  true  when 
the  strain  does  not  exceed  the  elastic  limit  as  shown  in  figure  2#3»3-l>  where 
the  dynamic  load  factor  is  2# 

So  far  only  a, constant  and  continuous  pulse  of  long  duration  has  been 
considered#  The  applied  pulse  may  be  irregular,  may  require  a  certain  time 
to  rise  to  peak  value,  and  may  die  down  completely*  The  effect  of  the  time 
of  rise  of  load  is  readily  apparent  trom  the  preceding  discussion  i^ere  it 
was  shown  that  an  instantaneously  applied  force,  (or  zero  time  of  rise)  was 
twice  as  severe  as  a  gradually  applied  load  (a  large  time  of  rise)* 


For  the  effect  of  a  load  diedown  assume  that  the  pressure  curve  drops 
as  shown  in  figure  2 #3*3-3* 

The  member  will  have  the  same  velocity  at  as  was  found  for 
figure  2#3*3-l* 
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FIG.2.3.3-3 


The  unbalanced  energy  would  again  be  represented  by  Area  I.  Again  the 
element  will  continue  to  strain  until  the  absorbed  energy  (Area  II), 
becomes  equal  to  the  applied  energy  (Area  I).  It  is  obvious  that  less 
strain  and  less  stored  potential  energy  is  produced  for  this  case  than 
was  the  case  for  the  continued  pressure  described  in  section  2.3.3. 

If  the  duration  of  the  applied  dynamic  load  is  less  than  the  time 
required  for  the  member  to  reach  its  yield  point  strain,  the  effect  will 
be  as  shown  in  figure  2.3. 3-U  and  the  applied  load  may  be  greater  than 
the  yield  point  resistance. 
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FIG.  2,3  3-4 


34 


Example:  Assume  the  same  steel  properties  and  2^  elongation  as 
in  the  previous  examples  but  assume  the  |)articular  loading  duration 
shown  in  figure  2.3 instead  of  the  long  duration  loading  of  the 
previous  example. 

Py  (0.019)  =  ( P-  Py)O.OOI  +  Py  (0  001^ 


0.019  Py  =  O.OOIP- 0.0005  Py 

O.OI95Py  =  O.OOIP 

p  =  n  n^ip 


STRAIN - - 

FIG.  2.3.3 -5 


The  design  strength  needed  for  this  example  is  only  of  that 
which  would  be  required  if  the  load  were  static# 

2.3 •li  Design  of  Members  in  the  Plastic  Range  Compared  to  Design  within  the 
1C  Range 

Assuming  that  a  maximum  strain  of  2%  is  permissible  in  a  member 
carrjidng  a  dynamic  load  of  constant  intensity  in  the  plastic  range, 
the  examples  of  section  2.3.3  indicate  that  the  dynamic  load  factor 
may  vary  from  about  1.03  to  less  than  0.05  depending  on  the  duration 
of  the  load  in  relation  to  the  mass  (rate  of  deforming)  of  the  member. 
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This  dynamic  load  factor  gives  the  ratio  of  the  required  dynamic 
yield  strength  of  the  member  to  the  load* 

In  the  preceding  illustrations  the  dynamic  load  factor  was 
shown  to  be  2.0  if  the  strain  is  kept  within  the  elastic  range,  may 
be  1*03  for  a  2%  deformation  under  an  instantaneous  load  of  constant 
intensity,  and  could  be  as  low  as  0*05  for  a  2%  deformation  if  the 
diedown  is  within  the  natural  period  of  the  member*  It  is  evident 

that  there  is  considerable  economy  in  designing  a  member  for  as  f 

large  a  plastic  strain  as  permissible. 

Studies  of  light  panels  of  small  mass  indicate  that  because  of 
their  quick  response  the  typical  blast  pressure  will  act  largely  as 
an  instantaneous  constant  pulse  load  and  they  should  be  designed  for 
a  factor  slightly  greater  than  1*00  on  the  static  strength  if  plastic 
deformation  is  permitted,  and  for  a  factor  of  2*CX)  if  the  elastic 
limit  is  not  to  be  exceeded.  The  static  strength  in  every  case, 
however,  should  be  sufficient  to  carry  the  load  existing  at  the  longer 
durations . 

Heavy  monolithic  panels,  subjected  to  typical  peak  reflected 
pressure  intensities  of  short  duration  compared  to  their  particular 
rate  of  loading,  may  be  designed  in  the  plastic  range  for  factors 
approaching  the  lower  limit* 

The  absolute  lower  limit  of  design  strength  (0*0^)  is  largely 
theoretical,  however,  as  the  duration  and  charactertistics  of  the  > 

typical  A-bomb  blast  loads  are  such  that  it  is  more  practical  and 
economical  to  use  thinner  and  stronger  members  than  wo\ild  be  required 
to  provide  the  necessary  mass  minimum  strength  panels. 


1 

2 .3  *5  Vibration  under  Pynamic  Loads 


Thus  far,  the  loads  and  deformations  have  been  considered  only  to 
the  point  where  the  motion  of  the  member  due  to  the  initial  unbalanced 
forces  has  been  completely  absorbed  by  the  member  through  some  type  of 
deformation.  The  deflection  at  this  time  has  reached  a  maximum,  as 
indicated  by  point  A  on  figure  2.3  *3-1,  and  the  member  possesses 
stored  energy  which  tends  to  return  the  member  to  its  undeflected 
state,  with  a  resultant  vibration  of  the  member.  The  amplitude  of  the 
vibration  is  detezmined  by  the  unbalanced  force,  i.e-  the  difference 
between  a  theoretical  force  which  would  hold  the  member  at  its  point 
of  deflection  and  the  actual  force  of  the  currently  applied  load;  the 
duration  of  vibration  effect  will  depend  on  the  damping,  or  the  rate 
of  absorption  of  the  energy. 

The  undaB5)ed  ^dbration  effect  of  a  constant  value  ^suddenly  applied 
load  of  magnitude  insufficient  to  cause  deformations  within  the  plas¬ 
tic  range,  is  shown  in  figure  2.3* 5-1* 
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FIG.  2.3.5-I 


Figure  2*3 •5*2  indicates  the  same  condition  as  described  above 
except  that  the  strength  of  the  member  is  decreased  so  as  to  cause 
deformations  in  the  plastic  range*  The  amplitude  of  the  undamped  vi¬ 
bration  in  this  case  is  much  smaller  than  in  the  previous  case* 


FIG.  2.3. 5-2 


If  the  loading  has  a  time  of  rise^  the  unbalanced  forces  will  be 
reduced*  If  the  time  of  rise  is  slow  enough,  i*e*  the  rate  at  which  the 
loading  is  applied  is  less  than  the  minimum  required  to  maintain  equil¬ 
ibrium  between  the  acting  load  and  the  resisting  forces  of  elasticity, 
then  there  will  be  no  vibration « 

If  the  applied  load  dies  doun  to  aero,  instead  of  remaining  con** 
stant  as  previously  assumed,  at  such  a  time  that  the  stored  energy  is 
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just  sufficient  to  return  the  member  to  its  undeformed  state,  the  vibra¬ 
tion  will  end.  For  instance,  in  the  elastic  range  shown  on  figure  2. 3. 5-1 
if  the  load  dies  doTO  instantaneously  at  time  A  when  the  stress  is 
zero,  no  forces  inill  exist  to  cause  a  second  oscillation. 

Although  the  phencmienon  is  not  as  easily  e3q)res3ed  when  considering 
stresses  in  the  plastic  range,  it  may  be  readily  understood  that  the 
same  action  is  affected  if  the  load  dies  down  at  the  proper  Instant  or 
at  the  proper  rate  so  that  the  stored  energy  is  just  sufficient  to  re¬ 
turn  the  member  to  the  point  of  zero  deformation. 

Both  the  instant  when  diedown  begins,  and  the  rate  of  diedown  of 
the  load,  have  important  effects  on  the  magnitude  of  the  vibrations. 

From  figure  2.3. 5-3  (a)  and  (b)  it  is  seen  that  diedown  may  possibly 
occur  at  such  an  instant  that  the  amplitude  of  the  vibration  may  become 
twice  as  large  as  would  be  the  case  if  the  diedown  had  not  occurred. 
Other  times  and  shapes  of  diedown  will  produce  intermediate  results 
somewhere  between  the  complete  stoppage  of  vibration,  and  the  double 
amplitude  case  just  described. 


(a)  Elastic 


RESPONSE  CURVES 
ZERO  TIME  OF  RISE  -  INSTANTANEOUS 
DIEDOWN  AT  INSTANT  OF  MAXIMUM  RESISTANCE 

FIG.  2.3.5 -3 

Comparison  of  the  above  diagrams  shows  that  in  all  cases  vibration 
amplitudes  can  be  appreciably  reduced  by  designing  members  to  be  stressed 
into  the  plastic  range. 

From  a  design  standpoint,  the  most  important  aspect  of  vibration 
is  that  represented  by  figure  2. 3.5-3.  In  most  oases,  the  load  applied 
to  a  structure  will  not  diedown  at  a  convenient  instant  but  rather  will 
cause  reversal  of  stress  and  the  members  and  member  connections  must  be 
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designed  for  this  condition*  For  example  in  designing  quick  acting 
panels  under  the  effect  of  impulse  loads  having  near  Instantaneous 
dledown  characteristics,  it  may  be  impossible  to  determine,  because 
of  inaccuracies  in  the  given  loading  and  the  adopted  design  theory, 
Tfhether  something  less  than  full  reversed  strength  may  safely  be  pro¬ 
vided. 


If  a  constant  load  is  suddenly  applied  and  maintained  for  any  time 
equal  to  or  greater  than  one  half  the  fundamental  period  of  a  member, 
the  stress  and  deflection  in  a  member  acting  at  stresses  below  yield 
point  value  will  be  twice  that  due  to  a  gradually  applied  load  of  equal 
magnitude.  If  the  member  is  incapable  of  carrying  this  load  elastical¬ 
ly,  a  plastic  deformation  will  take  place.  This  plastic  strain  will  be 
such  as  to  completely  dissipate  the  portion  of  the  momentum  of  the  gys- 
tem  which  is  in  excess  of  the  elastic  capacity  of  the  supporting  system. 

If  the  load  is  gradually,  rather  than  instantaneously,  increased 
from  zero  to  its  maximum  value  and  requires  a  time  greater  than  four 
times  the  period  of  the  member  to  reach  its  peak  value,  the  vibration 
will  be  negligible  and  the  resultant  deflection  can  be  computed  from 
the  usual  static  conditions.  As  the  time  of  rise  of  the  stress  decreas¬ 
es,  the  maximum  deflection  will  increase  approaching  the  condition  des¬ 
cribed  for  a  suddenly  applied  load. 

■yVhen  a  member  having  a  high  natural  frequency  is  supported  by  one 
having  a  much  lower  frequency,  as  in  the  case  of  V-beam  siding  supported 
on  heavy  steel  girts,  vibrations  of  the  siding  have  negligible  influence 
on  the  effective  load  transferred  to  the  girt.  This  follows  from  the 
fact  that  a  pulse  whose  duration  is  short  relative  to  the  fundamental 
period  of  the  resisting  member  has  only  a  very  small  effect  on  the  de¬ 
flection  of  the  member.  Since  the  average  of  the  pulses  is  the  applied 
load,  the  conclusion  is  that  the  load  transmitted  to  the  girts  is  equiv¬ 
alent  to  the  load  applied  to  the  siding.  As  shown  in  figure 
the  girt  response  to  this  applied  load  will  be  twice  idiat  it  would  be 
if  load  were  gradually  applied. 


•FIG.  23.5-4 
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Qoing  on6  stsp  fPr'thQrj  it  can  b©  concliidsd  that  the  load  trans¬ 
mitted  to  the  frame  -mill  be  equal  to  the  load  applied  to  the  siding 
minus  a  small  percentage  due  to  an  energy  loss  iirtilch  appears  as  damp¬ 
ing  of  the  siding  and  girt  vibrations. 

From  the  previous  discussion  it  is  apparent  that  for  the  condition 
•without  damping  and  -with  a  constant  load  suddenly  applied,  the  stress 
of  a  member  oscillates  bet'ween  either  zero  or  some  value  greater  than 
zero^and  the  maximum  stress  reached  under  the  dynamic  load.  The  reac¬ 
tions  may  be  eapected  to  vary  similarly.  Thus  we  see  that  so  long  as 
the  load  is  maintained  constant,  the  direction  of  the  reactions  •will 
remain  opposite  to  the  direction  of  the  applied  loads,  tThether  the 
damping  effect  occurs  or  not. 

If  instead  of  remaining  constant,  the  load  is  suddenly  removed  at 
a  time  -when  the  deflection  is  maximum  and  the  velocity  is  zero,  a  re¬ 
verse  deflection  of  equal  magnitude  •will  occur.  For  a  member  acting 
entirely  "within  the  elastic  range  the  reactions  ■will  now  be  not  only 
twice  the  magnitude  of  -what  they  -would  be  under  a  gradually  applied 
load,  but  they  will  reverse  in  direction  during  each  period  of  vibra¬ 
tion. 


"When  a  member  is  not  strong  enough  to  carry  the  load  in  the  elas¬ 
tic  range,  -vibration  will  not  begin  until  energy  is  absorbed  by  deflec¬ 
tion  in  the  plastic  range,  as  sho-wn  on  figure  2. 3. 5-2,  and  the  amplitude 
of  the  vibrations  while  the  load  continues  will  be  determined  by  the 
difference  between  the  yield  point  stress  and  the  stress  -vrtiich  -would 
exist  if  the  load  had  been  gradually  applied.  This  may  be  expressed 
numerically  as  follows:  If  a  statically  loaded  member  carried  a  stress 
S  ,  and  its  yield  point  is  IIS  ,  the  same  load  applied  sud¬ 
denly  will  bring  the  member's  stress  to  I.IS  ,  and  there  will  be  a 
plastic  deformation,  until  the  initial  momentum  is  absorbed.  Then 
vibration  will  begin  such  -that  the  stress  will  fluctuate  from  1.1  S 
to  0. 9S  in  cycles  corresponding  "to  the  natural  period  of  -iribration 
of  the  member. 

If  in  the  same  case,  the  load  is  suddenly  removed,  again  at  a 
time  lidien  stress  and  deflection  are  maximum,  vibrations  will  be  such 
that  the  stresses  will  oscillate  from+l.lS  to -I  IS  and  the  reactions 
of  the  member  -vri-U  reverse  in  direction  in  tune  -with  the  natural  per¬ 
iod  of  vibration  of  the  member. 


For  the  condition  of  a  sudden  but  incomplete  drop-off  of  the  load, 
the  effect  is  similar  to  that  discussed  above  and  is  illustrated  in 
figure  2.3*5-^  below 


FIG.  2.3.5-5 


Where  the  load  curve  has  a  uniform  shape  the  vibrations  will  take 
place  about  the  corresponding  static  deflection  curve  until  they  are 
dissipated  by  damping  as  shown  in  figure  2 ,3  *5-6. 


FIG.  2. 3,5-6 
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In  determining  the  most  critical  requirements  for  anchoring  a  mem¬ 
ber  to  its  support)  we  see  that  the  following  conditions  will  give  the 
worse  case:  (a)  The  member  is  subjected  to  an  instantaneous  applica¬ 
tion  of  load;  (b)  the  load  is  instantaneously  removed  at  the  peak  of  ^ 

the  first  vibration  when  the  potential  energy  of  the  member  is  a  max¬ 
imum,  and  before  danping  has  occurred;  (c)  the  member  is  of  sufficient 
strength  so  that  stresses  remain  within  the  elastic  limit .  This  con¬ 
dition  was  assumed  in  the  design  of  the  test  stmcture  members  whenever 
the  data  on  the  applied  loads  indicated  a  sharp  drop-off  in  the  design  ^ 

load  curve.  When  the  design  curve  had  a  gradual  shape  similar  to  the 
curve  shown  in  figure  2.3 .5-6,  the  maximum  possible  rebound  reaction 
was  found  to  be  less  than  2%  in  the  presence  of  nominal  damping. 


2,1{  Behavior  of  Materials  and  Members  under  Static  and  Qynamic  Loads 

Contents 


2.U«i  Characteristic  Behavior  of  Materials 
under  Stress 

2.k^2  Stress-Strain  Relationship  of  Concrete  and 
Steel  xmder  Static  end  Dynamic  Loading 
2  *1*03  Members  under  Static  Bending  Loads  iwith 
and  without  Axial  Loads 
Equivalent  Mass  Factors 
2.^.5  Detailed  Methods  of  Analysis 


2,i4.*l  Characteristic  Behavior  of  Materials  under  Stress 

Numerous  materials  are  used  in  conventional  construction  and 
presumably  can  be  used  with  more  or  less  success  in  blast  resistant 
buildings.  Such  materials  may  be  classified  into  definite  groups 
and  may  be  expected  to  behave  in  accordance  with  the  character¬ 
istics  of  their  particular  group. 

As  shown  earlier  in  the  discussion  of  strain  energy,  ductile 
materials  appear  most  promising  as  blast  resisting  materials  and 
the  combination  of  ductility  and  mass  is  of  even  greater  advantage. 

Brittle  materials  permit  only  small  deformations  beyond  the 
elastic  limit  and  will  therefore  fail  suddenly.  They  are  gener¬ 
ally  of  little  value  for  use  in  blast  resistant  structures  as  they 
must  be  designed  for  the  high  dynamic  load  factor  required  by  de¬ 
formations  limited  to  the  elastic  range.  Unless  substantially 
cheaper  in  cost  per  unit  of  strength,  which  is  not  generally  the 

case,  the  brittle  materials  seem  of  value  only  in  curtain  walls  j 

tdiere  failure  may  be  acceptable. 

Reinforced  concrete  offers  the  decided  advantage  of  combining 
the  ductility  of  tensile  steel  with  the  mass  of  concrete* 
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Tough  materials  which  can  withstand  heavy  shocks  and  absorb 
large  amounts  of  energy  posses  the  desirable  characteristics  re¬ 
quired.  Toughness  depends  on  strength  and  ductility.  Judging 
from  the  blast  resistance  shown  by  various  structures  in  Japan, 
reinforced  concrete  and  structural  steel  my  be  considered  tough; 
brick  and  block  units,  in  general,  are  not  tough# 

Materials  which  are  combustible  or  sensitive  to  heat,  such  as 
unfireproofed  steel,  are  of  limited  value  regardless  of  inherent 
strength  and  toiighness 

2#ii#2  Stress-Strain  Relationship  of  Concrete  and  Steel  Under  Static  and 
Dynamic  Loading 


A*  Tensile  Tests  of  Steel 

It  will  be  assumed  that  for  static  loads  the  stress-strain  curve 
of  steel  used  in  building  construction  is  as  shown  in  figure  2 #11  #2-1# 


FIG.  2.4.2 -I 


From  0  to  A  the  stress  is  proportional  to  the  strain  with  a 
modiilus  of  elasticity  of  29  to  30  x  10^  pounds  per  square  inch.  For 
f  strains  up  to  point  A  the  material  will  fully  recover  its  original 

form  upon  removal  of  the  load.  After  point  A  ,  the  upper  or  apparent 
elastic  limit,  there  my  be  an  immediate  drop  in  stress  to  point  B  , 
beyond  which  the  stress  remains  constant  while  the  member  continues 
to  strain  to  point  C  •  For  strains  beyond  point  C  the  stress  will 
>  increase  again  as  a  resiilt  of  strain  hardening. 
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Under  static  loading  strains  of  to  2%  may  be  expected  be¬ 
fore  the  initiation  of  work-hardening  whereas  under  hi^  rates  of 
loading  this  action  seems  to  occur  at  strains  approaching  3^  to 
depending  on  the  rate  of  loading.  The  assumption  of  an  idealized 
resistance  function  such  as  shown  in  figure  2,3 .2-1  thus  seems 
reasonable  and  adequate  for  expressing  work  absorption  in  a  major¬ 
ity  of  the  members.  Certain  special  cases  of  greater  strains  and 
the  discussion  of  the  effect  of  strain  hardening  will  be  presented 
later. 

Most  of  the  test  data  was  obtained  using  structural  grades  of 
steel.  It  is  assumed  in  the  design  of  the  test  structures  that  the 
harder  intermediate  grades  will  behave  in  a  similar  manner  j  at  least 
for  the  smaller  strains.  Additional  dynamic  tests  may  be  necessary 
on  this  material. 

As  mentioned  previously,  the  rate  of  loading  has  a  pronounced 
effect  on  the  stress-strain  cunre.  According  to  Johnson^ the 
yield  point  is  considerably  affected  by  speeds  of  the  testing  head 
over  approximately  0.02?  inches  per  minute.  In  1931  Nadai''  U  ) 
listed  conclusions  by  Ludwlk,  Cassebaum,  and  Bailey  to  the  effect 
that  the  dynamic  stress  will  probably  vary  with  velocity  of  strain 
in  accordance  with  a  logarithmic  law. 

In  19li2  the  National  Advisory  Committee  for  Aeronautics  published 
the  restilts  of  tension  tests  on  16  metals  and  alloys  under  dynamic 
loading  with  the  velocity  of  deformation  held  constant  in  each  of  the 
tests i5)Speclmens  of  hot  rolled  steel  (SAE  1020)  tested  under  static 
loading  and  at  rates  of  1^,  35,  60,  90,  120  and  150  feet  per  second, 
e^diibited  stress— strain  properties  as  shown  in  figure  2,lj.2“2. 


(3)  M.  0»  Withey,  J.  Aston,  F.  E.  Turneaure,  Johnsons  Materials  of 
Construction 

(k)  A«  Nadai,  Plasticity 

(5)  D.  S.  Clark,  "The  Influence  of  Impact  Velocity  on  the  Tensile 
Characteristics  of  Some  Aircraft  Metals  and  Alloys." 


Clark  in  a  19h9  American  Society  for  Testing  Materials  report  (6) 
described  further  dynamic  tensile  tests  as  conducted  at  California  Institute 
of  Technology  in  ■which  the  time  to  reach  the  yield  point  typ  and  the 
time  to  initiate  plastic  strain  tp|  were  observed*  In  these  tests,  loads 
varying  from  37  k.s.i*  to  50  k*s*i.  were  applied  to  annealed  0*19%  carbon 
steel  specimens  at  an  initial  rate  of  loading  of  5000  k.s.i.  per  second*  A 
typical  stress-strain-tirae  relationship  for  this  loading  is  shown  in  figure 
2.U.2-3* 


"  FIG.  2.4.2 -3 

similar  tests  (7)  were  also  conducted  at  Massachusetts  Institute  of 
Technology  in  19h9  on  structural  grade  reinforcing  steel  using  the  same 
>  equipment  as  used  in  the  California  Institute  of  Technology  tests.  How¬ 

ever,  the  initial  rate  of  loading  was  varied  frcm  1200  k.s.i.  per  second 
while  the  maximum  load  varied  from  about  50  to  75  k.s.i. 

Qualitative  information  and  some  approximate  quantitative  values 
may  be  drawn  frcxa  these  tests.  All  indicate  that  the  elastic  modiaus  is 
not  measurably  changed,  while  the  yield  point  is  raised  by  rapid  loading. 
While  the  Massachusetts  Institute  of  Technology  and  California  Institute 
of  Technology  tests  were  limited  to  a  3%  elongation,  the  National  Advisory 
Committee  for  Aeronautics  tests  were  conducted  to  failure  of  the  specimens 
and  showed  an  increase  in  ultimate  strength  and  total  work  absorbed  with 
the  high  rates  of  loading*  The  National  Ad'vlsory  Committee  for  Aeronautics 
tests  also  showed  that  the  lower  yield  point  is  generally  not  reached 
until  3%  strains  are  attained.  The  Massachusetts  Institute  of  Technology 
and  California  Institute  of  Technology  tests  show  a  drop  in  stress  below 
the  upper  yield  point  at  strains  less  than  3%  but  attribute  this  drop  to 


(6)  D.  S.  Clark  and  D.  S.  Wood,  ”The  Time  Delay  for  the  Initiation  of 
Plastic  Deformation  at  Rapidly  Applied  Constant  Stress.” 

(7)  J*  B.  Wilbur,  R.  J.  Hansen  and  K.  Steyn,  ”Behavior  of  Reinforced  Concrete 
Structural  Elements  under  Long  Duration  Impulsive  Loads.” 
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the  characteristics  of  the  machine  as  well  as  the  properties  of  the  mater¬ 
ial.  At  the  highest  rates  of  loading,  these  tests  indicate  that  the  upper 
yield  point  is  maintained  over  a  greater  elongation  suggesting  that  char¬ 
acteristics  similar  to  those  obsexnred  by  the  National  Advisory  Committee 
for  Aeronautics  might  have  been  attained  if  the  rate  of  loading  were  as 
high.  Work— hardening  was  not  apparent  in  any  of  the  tests  for  strains 
below 
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^  Tests  performed  to  about  3%  Strom 


FIG.  2. 4.2-4 

The  available  test  data  is  summarized  in  the  table  of  figure  2,U,2-U 
and  figure  2.U,2-5*  Although  these  results  are  scattered,  a  trend  toward  in¬ 
creased  resistance  with  high  rates  of  loading  is  indicated,  and  in  the  absence 
of  more  specific  data  the  shaded  area  of  figure  2,U.2-5  shows  the  probable 
range  in  yield  points  to  be  eiq^ected.  FVom  the  table  of  figure  2.U.2-li 
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VARIATION  IN  PHYSICAL  PROPERTIES 


TIME  IN  SECONDS 


TIME  TO  REACH  YIELD  POINT  -  ALL  POINTS  AND  SHADED  AREA 
TIME  TO  INITIATE  PLASTIC  STRAIN  -  CURVES  ©a® 

TIME  TO  REACH  ULTIMATE  STREN6H  -  CURVE  (f) 


•  S.A.E.  1020,  Hot  rolled*®’ 
o  S.A.E.  1035,  Annealed*®’ 

4-  Reinforcing  steel,  Structural  grade'^’ 
®  Low  carbon  annealed  steel*®’ 

©  Mild  steel*®’ 


LEGEND 

©0.19%  Carbon  annealed  steel*®’ 

(D  Reinforcing  steel.  Structural  grade'^) 
(D6"xI2"  Concrete  Cylindersco) 

®  Empirical  recommended  curve 


FIG.  2.4.2  -5 


(5)  B*  S.  Clark,  "The  Influence  of  Impact  Velocity  on  the  Tensile 
Characteristics  of  Some  Aircraft  Metals  ^  Alloys*" 

(6)  D.  S.  Clark  and  D©  S*  Wood,  "The  Time  Delay  for  the  Initiation  of 
Plastic  Deformation  at  Rapidly  Applied  Constant  Stress*" 

(7)  J.  B.  Wilbur,  R*J*  Hansen,  and  K*  Steyn,  "Behavior  of  Reinforced 
Concrete  Structural  Elements  under  Long  Duration  Impulsive  Loads*" 

(  (8)  M*  J.  Manjoine,  "Influence  of  Rate  of  Strain  and  Teii5)erature  on 

Yield  Stresses  of  Mild  Steel." 

(9)  E.  A.  Davis,  "The  Effect  of  the  Speed  of  Stretching  and  the  Rate  of 

^  Loading  on  the  Yielding  of  Mild  Steel." 

(10)  P.G.  Jones  and  F.  E.  Richart,  "The  Effect  of  Testing  Speed  on 
Strength  and  Elastic  Properties  of  Concrete." 
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it  can  be  seen  that  the  ultimate  strength  and  strain  energy  is  increased 
with  rapid  loading  while  ductility  undergoes  no  appreciable  change.  Pend¬ 
ing  observation  of  the  actual  behavior  of  the  test  structures  and  possibly 
some  additional  experimental  laboratory  data,  as  may  be  shown  necessary 
from  the  performance  of  the  test  structure,  the  following  design  procedure 
is  recommended# 

From  curve  A  (figure  2.U*2-5),  which  represents  the  recommended 
increased  yield  point  properties,  a  trial  resistance  may  be  chosen  con¬ 
sistent  with  the  natural  period  of  the  element.  Typ  will  be  approxi¬ 
mately  T/4  for  a  distiarbance  with  no  time  of  rise  and  to+T/4  for  a 
disturbance  with  a  time  of  rise  equal  to  to  if  the  member  is  designed 
for  Isirge  plastic  strains.  Upon  analysis  by  the  step-by-step  impulse 
procedure  an  actual  time,  typ  ,  (figure  2. 4. 2-6)  will  be  found.  This 
value  of  typ  must  yield  a  resistance  from  curve  A  which  checks 
the  value  used  in  the  computation.  Because  of  the  greater  \mcertainty 
involved  in  the  analysis  of  very  quick  acting  elements  and  also  be¬ 
cause  there  is  only  a  very  limited  amount  of  test  data  available, 
it  is  recominended  that  60^  be  taken  as  the  upper  limit  for  increase  in 
yield  point,  as  indicated  by  curve  A 


The  resisting  functions  used  in  the  design  analysis  of  the  test  struc¬ 
tures  were  arrived  at  as  follows: 

(1)  Concrete  Walls,  Slabs  and  Beams 

The  resistance  functions  for  the  concrete  members,  which  may  be 
expected  to  be  influenced  by  cracking  and  slip  of  the  reinforcing 
bars,  were  derived  directly  from  the  Massachusetts  Institute  of  Tech¬ 
nology  laboratory  beam  tests.  Curve  A  was  used  only  for  ccmipari- 
son  and  check. 

(2)  Light  Gage  and  Structural  Steel  Wall  Elements 


The  increase  in  strength  for  the  rapidly  loaded  steel  wall  ele¬ 
ments  was  estimated  directly  from  Curve  A  • 


(3)  Steel  and  Concrete  Frames 


>- 


¥ 


i 


The  slower  moving  frames  were  designed  for  a  2S%  increase  in 
strength  in  accordance  with  the  recommendations  adopted  by  agree¬ 
ment  between  the  Corps  of  Engineers,  the  Government  consultants  and 
the  Contractor.  This  agrees  with  the  value  indicated  by  curve  A  • 


B.  Compression  Tests  of  Steel  and  Concrete 

Plastic  materials,  such  as  mild  steel,  may  be  expected  to  have  the 
same  static  yield  point,  and  similar  increases  in  yield  point  and 
energy  absorption  under  high  rates  of  compression  loading  as  are  ex¬ 
hibited  under  tension  loading.  The  ultimate  strength  under  compression 
loading  is  unimportant  as  the  material  will  spread  and  continue  to 
carry  load  under  large  strains,  the  usefulness  of  the  member  being  con¬ 
trolled  by  maximum  permissible  deformations  or  by  buckling  stability 
rather  than  by  failure  of  the  material  Itself. 


The  important  characteristic  of  brittle  materials,  such  as  concrete, 
is  that  the  strain  at  failure  is  too  small  to  absorb  much  energy.  For 
this  reason,  reinforced  concrete  members  have  been  p\irpo3ely  \znder- 
reinforced  so  that  the  reinforcing  steel  would  reach  its  yield  point 
and  undergo  considerable  elongation  before  the  member  fails. 

Concrete,  like  steel,  shows  increased  strength  under  short  time 
loads.  Experiments  by  the  National  Bureau  of  Standards,  (11)  as  quoted 
by  Dr.  Hansen,  show  that  concrete  cylinders  subjected  to  dynamic  load¬ 
ing  have  approximately  10^  greater  strength  than  is  obtained  from  stand¬ 
ard  tests.  The  loading  for  these  tests  had  a  substantial  time  of  rise. 


For  the  purpose  of  the  proposed  design  analysis,  the  information 
provided  by  F.  E.  Richart  (lO)  in  tests  made  by  loading  6”  x  12"  cylin¬ 
ders  to  failure  at  rates  of  loading  varying  from  3870  to  0.12  p.s.i# 
per  second  are  of  the  greatest  direct  use.  From  these  tests  it  was  found 
that  the  increase  in  strength  with  rate  of  loading  was  represented 
fairly  well  by  the  following  relationship: 

Inhere  S  =S|(H-kLog,oR) 

S  =  strength  at  the  given  rate  of  loading 

R  =  Rate  of  stress  application  in  p.s.i.  per  second 

S|  =  Strength  at  rate  of  stress  application  of  1  p.s.i.  per  secoad 

k  =  a  constant  having  a  value  of  about  0^07  for  7-<iay  tests 

and  0.08  for  28-day  tests 


(10)  P.  G.  Jones  and  F.  E.  Richart,  "The  Effect  of  Testing  Speed  on 
Strength  and  Elastic  Properties  of  Concrete." 

(11)  D.  Wat stein,  "Investigation  of  Properties  of  Plain  Concrete  Under 
Impact." 
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The  curve  defined  by  this  equation  is  olotted  on  figure  2 *462 *“6 
with  the  results  of  the  rapid  loading  rates  on  steel  specimens.  If 
the  rates  of  loading  experienced  in  the  blast  resistant  structures 
are  substituted  into  the  above  equation  the  result  indicates  an  in¬ 
crease  in  strength  of  h7%,  for  the  more  rapidly  loaded  elements  and 
32^  for  the  slower  moving  elements  and  frames. 

The  increased  concrete  strength  under  the  higher  rates  of  load¬ 
ing  has  little  effect  on  members  subjected  to  bending  alone,  is  some¬ 
what  more  important  for  members  under  combined  bending  and  axial  load, 
and  is  quite  important  for  members  with  loads  of  small  eccentricity. 
However,  as  the  lateral  loads  largely  control  the  member  size  of  the 
columns  and  other  members  which  have  axial  loads  and  because  of  the 
desirability  of  preventing  abrupt  column  failures  at  loads  of  smaller 
eccentricities,  the  increase  in  concrete  strength  was  neglected  in 
the  design  of  the  test  structures* 


Members  under  Static  and  Dynamic  Bending  Loads  -  with  and  without 
Axial  Loads 


Given  the  above  characteristics  of  materials  in  tension  and  com¬ 
pression,  the  behavior  of  members  subjected  to  bending  moments  and 
with  (2*U.3-l,a)  or  without  (2.U.3-l,b)  axial  forces  may  be  readily 
estimated. 


Moment  and  Axial  Load 

FIG.  2.4. 3- 1 


/M 


Moment  Only 
(b) 


A.  Rectangular  Sections  -  Static  Loads 

Figure  2,h.3-2  shows  the  behavior  of  a  rectangular  beam  with¬ 
out  axial  load  and  subjected  to  a  progressively  increasing  bending 
moment.  At  first  the  stresses  are  within  the  elastic  range  (b)  and  as 
the  load  increases  the  stress-strain  function  remains  linear  until  the 
ejctreme  fibre  reaches  the  elastic  yield  point  (c).  As  the  strain 
increases  beyond  this  point,  the  extreme  fibre  stress  will  remain  con¬ 
stant  while  yield  point  stresses  approach  nearer  to  the  neutral  axis 
(d)  finally  reaching  the  condition  where  the  section  is  almost  entirely 
plastic  (e). 


Ji. 


4 


a 

Section 


Elastic 


d 

Partially 

plastic 


At  yield 
point 

RECTANGULAR  SECTION- BENDING  ONLY 
FIG. 2. 4.3-2 


e 

Fully 

plastic 
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The  ultimate  bending  resistance  for  a  rectangular  beam  under  full 
plastic  bending  will  approach  1^0%  of  the  maximum  bending  resistance 
when  all  fibres  are  within  the  elastic  range.  See  figure  2*U#3-3  a* 


E 

o 

Q. 

;o 


B.  Wide  Flange  Members  -  Static  Loads 

Wide  flange  sections  act  in  a  manner  similar  to  the  rectangular 
section  shown  in  figure  except  that  the  increase  in  moment 

from  the  time  the  extreme  fibres  reach  yield  point  stress  (c)  to  the 
condition  of  full  plastic  bending  (e)  is  small  because  of  the  small 
additional  sectional  area  available  in  the  relatively  narrow  web 
(figure  2,U,3-3  b). 

A  study  of  the  basic  flexural  behavior  of  wide  flange  beams  load¬ 
ed  up  to  and  beyond  the  yield  point  with  extensive  exploration  of  the 
accompanying  elastic  and  plastic  strains  was  presented  by  Luxion  and 
Johnston  (12)  in  19U8,  This  report  confims,  in  general,  the  design 
procedure  outlined  for  the  rectangular  beams.  The  report  also  shows 
that  for  all  currently  rolled  structural  shapes  listed  in  the  American 
Institute  of  Steel  Construction  Handbook,  residual  stresses  and  plas¬ 
tic  buckling  will  not  materially  reduce  the  expected  design  strengths. 

The  following  study  of  a  fixed  end  ^  wide  flange  ^cantilever  member 
(see  figure  2.U.3-li)  describes  the  formation  of  the  plastic  hinges. 


(12)  W.  W.  Luxion  and  B*  G.  Johnston,  ^Plastic  Behavior  of  Wide  Flange 
Beams.” 
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As  the  load  P  is  applied  the  moment  at  A  -will  increase  until 
the  stresses  in  the  extreme  fibre  reach  the  yield  point*  Within  this 
elastic  range  the  curvature  in  the  member  •will  be  proportional  to  M/EI 
and  the  deflection  at  this  time  'will  be  as  shown  for  B 

As  the  load  is  increased  a  plastic  resisting  moment  is  developed 
at  the  support  j  the  maximum  value  being  fi*om  10^  to  15?  greater  than 
the  yield  point  resisting  moment.  With  the  increase  in  moment  at  the 
support,  the  moments  along  the  entire  member  will  be  increased  proper - 

tionaliy  and  the  yield  point  in  the  extreme  fibres  will  be  reached  at  ► 

a  point  a  distance  X  from  the  support.  The  angular  change  necessary 
to  develop  this  full  plastic  moment  may  be  e:3q>ected  to  be  appro:^ate« 
ly  li  to  5  X  10^  radians  per  inch  for  8**  wide  flange  members  \'^ )  and, 
assuming  a  linear  variation  of  strain  from  the  neutral  axis,  the  elong¬ 
ation  of  the  extreme  fibres  will  be  approximately  0.2%. 

If  the  idealized  stress-strain  curve  of  figure  2 *3  *2-1  is  assumed 
correct,  Mmax.  'will  represent  the  ultimate  plastic  moment  regardless 
of  continued  strain.  Under  this  as3Uii?)tion,  however,  the  bxOJk  of  the 
rotation  would  be  limited  to  a  narrow  strip  immediately  adjacent  to  the 
support  arKi  will  result  in  large  strains  in  this  region. 

It  seems  reasonable  that  large  strains  will  not  occur  at  the  sup¬ 
port  without  the  initiation  of  work-hardening.  The  yield  point  will 
then  move  further  away  frm  the  support,  the  exact  length  of  the  plas¬ 
tic  area  depending  on  the  rate  of  increase  in  stress  with  strain  hard¬ 
ening  and  the  geometiy  of  the  moment  diagram.  In  the  design  of  the  test 
structures  the  expected  increases  in  moment  capacity  due  to  strain  hard-  ^ 

ening  was  not  considered  because  available  data  do  not  indicate  that 
this  behavior  will  be  an  important  factor  for  the  strains  advocated  in 
this  report . 

Cm  Ll^t  Gage  Sections  -  Static  Loads 

Stress  distribution  in  light  gage  sections  will  be  similar  to  that 
in  the  wide  flange  sections  except  that  the  stress  in  the  material  may 
be  limited  to  less  than  yield  point  stresses  if  local  instability  con¬ 
trols  the  section*  Methods  for  determining  the  elastic  stability  of  a 
section  are  too  involved  to  list  here  but  may  be  obtained  from  standard 
texts  (13,llt,l5il6,17fl8)  and  from  research  papers.  If  the  flange 
and  web  are  stable  the  resistance  curve  for  a  corrugated  light  gage 
section  would  be  approximately  as  shown  in  figure  2.1;*3-3>c® 


(12)  W.  W*  Luxion  and  B*  G.  Johnston,  *^Plastic  Behavior  of  Wide  Flange 
Beams”, 

(13 )  s’*  'Timoshenko ,  Theoiy  of  Elastic  Stability 

(lli)  £•  E*  Sechler  &  t*  G*  Imim*'  Airplane  Structural  Analysis 

(15)  J#  E*  Younger,  Mechanics  of  Aircraft  Structures 

(16)  Light  Gage  Steel  besign  Manual*  American  Iron  and  Steel  Institute 

(17)  G#  Wint^,  "Strength  of  Thin  Con5)ression  Flanges” 

(18)  G#  Winter,  and  R#  H*  J#  Pian,  ”Cru8hing  Strength  of  Thin  Steel” 
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D#  Idealized  Bending  Resistance  Fimction  -  Steel  Members  Under  Static  Loads 


The  formation  of  the  idealized  ii^sistance  function  as  ehown  in 
figure  neglects  the  rounding  of  the  curve  immediately  beyond 
the  elastic  yield  point  as  shown  in  figure  2»l4#3**3* 


FIG.2.4.3-5 


Assuming  a  total  strain  of  2^  this  assumption  would  result  in  an 
error  of  total  work  absorbed  of  less  than  2%  for  the  wide  flange «  light 
gage  and  rectangular  sections* 

E*  Steel  Members  under  Combined  Bending  and  Diarect  Stress  Static  Load 

Assuming  that  for  bending  in  the  plastic  range ^  plane  sections  of 
the  member  continue  to  remain  plane  and  that  the  longitudinal  stress  in 
each  fibre  continues  to  increase  until  the  yield  point  is  reached  and 
thereafter  remains  constant  in  accordance  with  the  assumed  stres8«»strain 
curve 9  the  stress  condition  for  any  combination  of  axial  load  and  bend«» 
ing«-aoment  may  be  easily  found*  However^  as  the  combinatiozs  of  axial 
load  and  bending*moment  producing  full  plastic  stress  are  more  important 
for  the  purpose  of  this  investigation  than  lesser  loads  ^  the  discussion 
will  be  limited  to  the  condition  of  ultimate  strength. 

The  structural  frames  subjected  to  blast-pressures  will  be  at  rest 
when  the  axial  load  is  first  applied*  Then^  while  still  subjected  to 
a  variable  axial  load,  the  members  will  begin  to  deform  causing  a  con¬ 
tinuously  changing  load  eccentricity*  To  facilitate  design,  under  these 
varying  conditions  of  bending  and  direct  load,  the  simplest  procedure 
is  to  plot  a  single  curve  showing  the  computed  ultimate  moment  capacity 
for  various  values  of  direct  stress*  The  procedure  is  as  follows s 


11: 
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Consider  a  homogeneous  rectangriLar  steel  beam  of  unit  width  sub¬ 
jected  to  an  axial  load,  P  and  a  bending-moment,  M  (equal  toP-e), 
as  shown  in  figure  2.U*3*^* 


(a) 


(b)  (C) 

Axial  Load  Combined  Load 


COMBINED  BENDING  AND  AXIAL  LOAD 
(Fully  Plastic  Condition) 

FIG.  2.4.  3-6^'®^ 


Let  P  =  Axial  Load  =  Sp-  t 

and  Mp=  Maximum  Moment  Of  The  Fully  Plastic 
Member  =  P  •  e 
then  Mp  =  Sy  citt-a) 

P  =  Sp-t  =  SY(2a-t) 

Mp=4^(Sy“Sd) 

For  Bendinq  Without  Axial  Load 


♦ 


(19)  J.  F.  Baker,  '•  Review  of  Recent  Investigations  into  the  Behavior 
of  steel  Beams  in  the  Plastic  Range.  ” 
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In  many  cases,  particularly*  for  members  other  than  rectangular 
sections  the  momen*b-axial  load  relationship  for  ultimate  loadings  may 
be  more  advantageously  determined  as  follows: 


Assume  the  same  rectangular  beam  with  notations  as  shown  in  fig¬ 
ure  2*U*3-7. 


P 


Sy  =  Yield  point  stress 
Ac  =  Sy  X  0 

Ac'=  Section  carrying  Axial  Load 
=  Sy(t-2a) 

Aj  =^Sy  X  a 

Mp=  Moment  at  fully  plastic 
section 


Consider  the  axial  load  as  carried  on  the  area  nearest  to  the 
neutral  axis: 


Pa  ”{t"2a) Sy 

The  remainder  of  the  section  *will  form  the  couple  representing 
the  maximum  moment  capacity  for  the  given  axial  load: 

M  =  Sy  a(t-a) 

For  any  given  member  various  axial  loads  may  be  assumed,  the  area 
required  for  the  axial  load  subtracted,  ^and  the  net  resisting  moment 
for  the  fully  plastic  section  may  be  found  by  multiplying  the  arm  be¬ 
tween  the  centroids  of  the  remaining  areas  by  the  product  of  the  remain¬ 
ing  area  and  the  yield  point  stress* 
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This  solution  will  give  the  same  result  as  obtained  in  the  pre¬ 
vious  derivation: 


P=  Sy{t-2a)  =  Sy  t  -2aSy=SD  t 
(So-t-Syt) 

2S^ 

Mp=  Sya(t-a)  =  SyOt-Sy-a^ 


Substituting  For  a 

(Sy  •  t-  SD  t) 


Mp=Sy 


4Sy 


2Sy 
(Sy-SD^) 


Sy(SD  t-Sy  tV 
4Sy^ 


t 


The  relationship  between  the  ultimate  resisting  moment  and  the 
axial  stress  for  the  assumed  rectangular  section  is  shown  by  curve 
Mp  in  figure  2.U.3-8. 


0  .1  .2  .3  .4  .5  .6  .7  .8  ,9  lO 


Moment  Copocity  ( combined  loading) 
"  Moment  Capacity(pure  bending) 


COMBINED  BENDING  AND  AXIAL  LOAD 
HOMOGENEOUS  RECTANGULAR  MEMBERS 

FIG.  2.4.3 -8 
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The  assumption  of  full  plastic  resistance  assumes  adequate  stabil¬ 
ity  against  local  buckling  and  strength  to  resist  shear.  It  appears 
that  for  most  practical  designs  standard  rolled  sections  are  adequate 
to  develop  the  full  plastic  moment.  The  overall  stability  of  the  mem¬ 
ber  is  considered  later  in  sections  2#l4.i.5-E  and.2#4*5‘rF* 

F.  Resistance  Function  for  Steel  Members  under  Combined  Bending  and 
Axial  Load  -  Static  Load 


Curve  M£  of  figure  2.U.3-8  shows  the  relationship  between  the  max¬ 
imum  bending-resistance  and  axial  stress  with  all  fibres  maintained  below 
the  yield  point  stress. 

Similar  moment-resistance  versus  axial-load  relationships  can  be 
obtained  for  the  rolled  shapes  generally  used  in  conventional  buildings. 
These  members,  as  shown  by  figure  2.U.3-3,  will  develop  proportionally 
smaller  increases  over  the  elastic  moment  resistance  Mg  than  is  shown 
for  the  rectangular  section. 

The  resistance  function  for  any  specific  combination  of  bending  and 
direct  stress  may  be  found  by  plotting  points  from  a  curve  such  as  fig¬ 
ure  2.U.3-8  versus  either  time  or  deflection. 

G.  Rectangular  Reinforced  Concrete  Sections  -  Static  Load 

The  ccmiposite  under-reinforced  concrete  beam  may  be  expected  to 
behave  in  a  more  explicated  fashion  than  the  homogeneous  steel  beams. 

The  strain  in  the  expression  side  of  the  concrete  beams  increases 
practically  linearly  with  the  distance  from  the  neutral  axis.  The  dis¬ 
tribution  below  the  neutral  axis,  however,  is  not  well  defined  after 
the  beams  are  even  slightly  cracked.  As  the  loading  increases  tensile 
cracks  appear  and  the  strain  distribution  below  the  neutral  axis  beexes 
irregular.  The  position  of  the  neutral  axis  for  low  loads  may  be  expect¬ 
ed  to  agree  with  that  calculated  using  the  standard  strai^t-line  theory 
and  including  tension  in  the  concrete.  The  neutral  axis  then  rises  with 
increased  loading  up  to  a  stx'ain  of  approximately  0.001,  at  which  time 
the  stress-distribution  is  sensibly  linear  and  the  position  of  the  axis 
agrees  quite  well  with  the  standard  straightline  theory  excluding  ten¬ 
sion.  Finally,  as  the  strain  approaches  approximately  0.002  under 
further  loading,  the  neutral  axis  for  over-reinforced  beams  begins  to 
fall,  dropping  considerably  before  the  ultimate  failure. 

However,  as  the  beams  in  the  test  structure  are  purposely  under¬ 
reinforced  for  reasons  stated  elseiidiere,  the  neutral  axis  will  rise 
continually  with  increased  load  and  the  load-deformation  relationship 
will  be  as  follows  : 
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FIG.  2.4.3- 9 

As  the  load  increases  beyond  point  A  the  concrete  on  the  tension 
face  will  start  to  crack  in  the  regions  of  maximum  moment,  throwing  the 
tensile  load  to  the  steel  reinforcement •  With  continuing  deformation  of 
the  beam  the  tensile  steel  will  reach  its  yield  point  stress  at  point  B  , 
and  the  steel  will  continue  to  elongate,  as  the  beam  deflects,  with  the 
resistance  following  some  line  reasonably  close  to  B  — C  •  The  maximum 
allowable  deformation  will  be  reached  at  point  C  • 

Experimental  data  shows  that  the  plastic  theory  developed  by  Charles 
S.  Whitney  (2D),  (21)  gives  a  much  more  accurate  estimate  of  the  actual 
ultimate  stren^h  of  reinforced  concrete  beams  and  coliimns  than  the  stand¬ 
ard  straight  line  theory*  It  provides  one  simple,  consistent  method  for 
the  entire  range  of  eccentricity  of  loading  from  direct  axial  load  to  p\ire 
bending*  Its  accuracy  was  verified  by  R*  H.  Evans  (26)  in  19liii  who  tested 
kl  beams  with  concrete  strengths  ranging  from  975  to  7250  p.s*i*  and  with 
steel  ratios  from  0*00U7  to  0*067. 

If  the  beam  is  under-reinforced  then  initial  failure  will  occur  with 
the  initiation  of  yield  in  the  tensile  steel.  At  this  time  the  rectangular 
stress— block  decreases  in  depth  until  the  concrete  stress  reaches  a  maximum 
when  the  total  tensile  and  compressive  forces  will  be  balanced  and  the  lever 
arm  will  be  maucimum*  Under  further  load  the  concrete  will  fail,  the  lever 
arm  will  be  reduced,  and  the  member  will  fail. 

At  failure  M  =  bd^p  fy  ( I - ^  ) 

0<  85  fg 

The  limiting  ratio  of  depth  for  the  equivalent  rectangular  stress  block  to 
the  effective  depth  of  the  beam  is  0.537  for  the  condition  of  balanced  design. 
Hence  M  =  0.333  bd^fc  for  compression  failures*  The  critical  steel  ratio  ^ 
required  to  develop  the  full  compressive  strength  of  the  beam  being  P=0.456fc 

fy 

The  ultimate  moment  for  the  case  of  beams  with  compression  reinforce¬ 
ment  may  be  estimated  by  adding  the  moment  of  the  compression  steel,  acting 
at  yield  point  stress,  to  that  of  the  concrete  stress,  assiaming  that  the 
beam  is  sufficiently  reinforced  in  tension^ 


(2Cy)  Charles  S*  Whitney,  "Plastic  Theory  of  Reinforced  Concrete  Design,” 

(21)  Charles  S.  Whitney,  "Application  of  Plastic  Theory  to  the  Design  of 

Modern  Reinforced  Concrete  Sti*uctures,”  ^ 

(22)  R*  H,  Evans,  "The  Plastic  Theories  for  the  Ultimate  Strength  of  Rein¬ 
forced  Concrete  Beams.” 
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An  abbreviated  outline  of  design  procedure  using  the  plastic  theory  is 
included  as  follows: 

/ 

1.  Design  of  Rectangular  Members  under  Bending  only; 

a«  For  under-reinforced  monbers  without  compression  steel* 


^  t? 

J 

IM 
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Pc 
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FIG.  2.4.3-10 


T=  Total  tension  in  tension  steel 
=  Total  compression  in  concrete 
Pc  =  0.85  •  fc  •  2  •  b 
where  b  =  beam  width 

Mult  =  T(d--^) 


A 


► 


( 


be  For  members  with  compression  reinforcement,  the  compression 
steel  will  act  at  the  yield  point* 


Mult.  =(J(d--|-)  +  Ps-d' 


where  F^'  =  A^-  fy 


2,  Rectangular  member  under  bending  plus  axial  load* 
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FIG.  2.  4.  3-12 


(a) 

(b) 


Compute  the  moment  of  the  thrust 
about  the  tension  steel 
M5=  Pe* 

Compute  the  resisting  moment 
about  the  tension  steel 


Mr=  Pj.  (d--|-)  where 

Pc  =  0.85fi  - b  •  2  and 
Pe'  *0.85f^  b  ■  2(d- 

or  directly  from  1(a);  above 


. . 

0.85fcb 


Where  z  may  be  found  by 
trial  and  error* 


(c)  Then 

T=f^-P  or 

T  -  0.85 fc  b  ^-P 


59 


If  compression  steel  is  used  the  resisting  moment  of  this  steel  may 
be  deducted  before  calculating  steps  (a),  (b),  and  (c). 

"Where  there  is  sufficient  steel  to  develop  a  compression  failure  the 
maximum  value  of  the  resisting  moment  is: 

Mc=  P-  e'  =  -^bd*fc+  d'  A'  fs 


P  e  =  P(e  +  d- 

Then  the  ultimate  load  for  any  eccentricity  greater  than  the  eccentri¬ 
city  of  the  resisting  compressive  forces  may  be  obtained  by. 


Pult. 


^  As  .  b  t  fc 
2b_,.  3te  +6dt-3t^ 

d'  d*  26^ 


3*  Bending  plus  axial  load  at  small  eccentricities* 

The  formulas  of  (l)  and  (2)  give  theoretical  values  when  the  eccentric¬ 
ity  of  the  load  is  greater  than  the  eccentricity  of  the  resisting  forces  in 
the  compression  side  of  the  section*  For  smaller  eccentricities  the  equa¬ 
tions  must  be  adjusted  by  making  the  allowable  thrust  Py|f^  approach  the 
proper  value  for  an  axially  loaded  column  as  e  approaches  zero.  To  do  this 
the  final  equation  of  (2)  may  be  adjusted  so  as  to  give  yield  point  stress 
in  the  steel,  as  before,  while  the  concrete  strength  is  reduced  to  0.85fc 


Then 


Pult.  = 


2Asf 


btfc 


ll 

d' 


3te 


+  1.178 


> 


The  above  formulae  do  not  allow  for  increased  strength  due  to  the 
rate  of  loading. 
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The  relationship  between  the  moment  resistance  and  the  axial  load 
for  all  eccentricities  is  shown  in  fignre  2  *2^  13-13  ♦ 


COMBINED  BENDING  AND  AXIAL  LOAD 
REINFORCED  CONCRETE  MEMBERS 


Since  the  total  elastic  deformation  of  a  member  in  bending  depends 
on  the  curvature  along  its  entire  length,  it  is  difficult  to  determine 
the  exact  shape  of  the  elastic  curvature  and  the  total  deflection  of  the^ 
reinforced  concrete  beams  because  of  the  conq^licated  and  varying  sti^ss 
relationships  at  the  different  sections  along  the  length*  However,  as 
the  elastic  deflection  has  only  a  minor  effect  on  the  analysis,  it  is 
believed  that  the  overall  stiffness  of  the  concrete  beam  within  the 
elastic  range  may  be  reasonably  approximated  by  using  the  moment  of  in¬ 
ertia  of  the  unreinforced  uncracked  rectangular  section* 

H*  Bending  Resistance  Function  -  Concrete  Members  Without  Axial  Load -Eynamic 
lioad~  "" 

The  total  deformation  of  a  beam  or  frame  will  depend  on  the  mass  axid 
strength  of  the  member  and  on  the  intensity  and  duration  of  the  load 
pulse*  As  described  in  Section  2 *3 *3  under  the  energy  of  strain,  the 
velocity  and  resistance  of  the  beam  are  zero  when  the  load  is  applied* 

The  member  will  begin  to  accelerate  immediately  thereafter,  the  motion 
being  resisted  by  the  inertia  forces  and  the  bending  moments  developed 
as  the  member  deflects* 

The  bending  resistance  Trill  continue  to  increase  finally  exceeding 
the  applied  load  at  which  time  the  beam  id21  begin  to  decelerate*  During 
the  deceleration  the  beam  bending  resistance  will  oppose  both  the  applied 
load  and  the  inertia  forces* 
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In  order  to  evalxiate  the  effect  of  c^jmamic  loads  on  the  shape  and  xaag- 
nitude  of  the  resistance-function  and  to  investigate  the  probable  equiva¬ 
lent  mass  factors  I  a  number  of  studies  irere  made  based  on  a  series  of  tests 
and  reports  (  7  )  obtained  from,  the  Massachusetts  Institute  of  Technology. 


These  Massachusetts  Institute  of  Technology  tests  irere  made  on  beams 
of  different  size,  length  and  percentages  of  reinforcement*  The  given  data 
included  time-pressure  and  time-deflection  curves  as  shown  in  figure  2^k^3^1h* 


O 


O 

LlI 

Li. 
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FIG.  2.4, 3 -14 


From  these  load-time  and  deflect! on-time  curves  the  resistance  of  each 
time  increment  was  determined  as  follows: 

F=  m^a  F=  P-  R 


P-R 


m 


AV 
e  At 


R=P-me-ff 


F  = 
me  “ 
a  = 
P  = 
R  = 

AV  = 
At  = 

m  = 


Statically  unbalanced  load 
Equivalent  mass  ' 

Acceleration 
Total  applied  load 
Resistance  of  beam 

Change  in  velocity  during  time  interval.  At 

Time  interval 

Total  mass  of  the  beam 


* 


> 


(7)  J.  B.  Wilbur,  R»J»  Hansen,  K.  Steyn,  "Behavior  of  Reinforced  Concrete 
Structural  Elements  Under  Long  Duration  Inpulsive  Loads." 
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The  variation  of  R  with  time  is  derived  by  the  method  outlined  in 
the  table  of  figure  2.L|..3-15',  in  which  the  double  differentiation  re¬ 
quired  to  compute  is  performed  by  a  numerical  step-by-step  proced- 

ure. 

The  equation  a =  F/meoxp res ses  the  linear  acceleration  of  a  free  body 
of  mass,  me  with  the  applied  force  acting  through  the  centroid  of  the 
mass.  Though  the  beam  is  not  a  free  mass  and  the  velocity  and  accelera¬ 
tion  varies  along  its  length,  the  acceleration  and  deflection  at  the  center- 
line  may  be  obtained  by  using  a  particular  fraction  mg  of  the  total  mass  m 
in  the  solution  of  the  above  equation.  This  fraction  will  be  referred  to 
as  the  equivalent  mass  factor.  To  obtain  column  8  in  figure  2.14..3-15  an 
equivalent  mass  factor  of  1/3  was  used.  In  later  sections  a  detailed  dis¬ 
cussion  of  this  mass  factor  will  be  presented. 


1.  Analysis  Complete  At  tf 


FIG.  2.4.3-15 


63 


The  individual  values  of  R  obtained  from  the  test  data  by  use  of  the 
table  in  figure  2,U. 3-1?  were  quite  erratic  for  the  separate  time  increments. 
To  obtain  a  smooth  resistance  curve,  the  resisting  or  R  forces  were  in¬ 
tegrated  with  respect  to  time  by  summing  the  individual  values  of  RaI 
giving  the  resisting  impulse  shown  in  figure  2.U. 3-l6.  By  drawing  the 
straight  lines  OA  andAB  through  the  points  and  then  differentiating  with 
respect  to  time,  a  final  simple  and  usable  resistance  curve  was  obtained  in 


figure  2. U. 3-17.  As  shown,  this  curve  shows  a  3?^  increase  in  ultimate 

strength  beyond  the  static  strength  and  also  indicates  a  variable  resistance 

best  represented  by  another  straight  line  from  the  time  of  the  initiation 

of  the  loading  to  the  point  of  maximum  resistance.  ^ 
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FIG.2.4.3.-I7 

To  check  the  reliability  of  this  average  resistance-time  function,  time 
deflection  curves  were  computed  for  several  of  the  Massachusetts  Institute 
of  Technology  test  beams  using  the  above  resistance  function,  the  actual 
loadings  of  the  test,  and  reversing  the  sequence  of  the  operations  shown  in 
the  table  of  figure  2.U. 3-1?* 


i 
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The  given  pressure,  calculated  deflection,  and  measured  deflection 
for  a  typical  test  beam  is  shown  in  figure  2.U-3-18. 


FIG.2. 4.3-18 


As  shown,  the  computed  time-deformations  obtained  using  the  average 
resisting  function  are  in  close  agreement  with  the  measured  deflections 
of  the  test# 

In  order  to  corrpare  the  derived  dynamic  resistance-time  curve  with 
a  resistance  function  similar  to  the  static  resistance  curves  which  assume 
a  linear  stress-strain  relationship  from  zero  stress  to  the  yield  point, 
the  deflection-time  curves  for  the  same  test  beam  were  recomputed  using 
the  resistance  curve  of  figure  2,iu3“19*  These  results  are  indicated  by 
curve  0  in  figure  2.  U. 3-18.  It  should  be  noted  that,  though  the  area 
of  the  elastic  resistance  ,0A8y  of  figure  2.  U. 3-19,  is  approximately 
equal  to  the  areaOABC  of  figure  2. U.  3-17,  the  latter  distribution  of 
resistance  gives  superior  results  for  estimating  the  total  deflection# 

I.  Summary  -  Bending  Resistance  Function  -  Concrete  Members  Under  Dynamic 
Loads 

It  was  initially  expected  ttat  the  resistance  would  increase  lin¬ 
early  with  strain  at  stresses  below  the  yield  point,  but  careful  analysis 
of  the  laboratory  tests  indicated  a  more  nearly  constant  resistance  during 
this  time. 

More  information  and  data  would  be  useful  on  this  subject,  for  this 
method  though  seemingly  Jiistified  for  certain  particular  members  is  lack¬ 
ing  in  generality  until  more  abundant  proof  is  available# 
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The  resistance  curve  adopted  and  shown  in  figure  2*i4..3-17  shows  the 
yield  point  as  a  function  of  time.  It  was  at  first  expected  that  this 
time  of  yield  could  not  be  arbitrarily  extended  to  wall  and  beam  elements 
of  different  size,  length,  and  weights.  To  find  the  probable  variation 
in  time  necessary  to  reach  plastic  yield  for  the  different  parts  of  the 
test  building,  several  wall  and  roof  members  were  investigated  using  a 
resisting  curve  of  the  type  shown  in  figure  2,ii.3-17.  These  studies  indi¬ 
cated  that  the  error  in  yield  point  time  would  not  appreciably  change  the 
effective  resistance  function* 

The  rapid  loading  tests  of  California  Institute  of  Technology  and 
Massachusetts  Institute  of  Technology  both  indicate  that  under  extremely 
high  rates  of  loading  the  linear  stress-strain  relationship  may  be  dis- 
turbed  and  the  stress-time  resistance  curve  is  controlled  by  the  time  re¬ 
quired  to  initiate  plastic  strain. 

In  contrast  to  the  analysis  for  the  quick  acting  panels  and  slabs, 
the  deflections  of  the  heavier  slow-moving  frames  were  computed  using  the 
conventional  type  stress-strain  resistance  function  of  figure  2. U. 3-19 
rather  than  the  above  described  resistance-time  curves.  Unless  the  pres¬ 
sure-time  curves  and  member  characteristics  change  appreciably  from  those 
of  the  test  structure,  intermediate  cases  are  of  academic  rather  than 
practical  interest. 


RESISTANCE  -  DEFLECTION  CURVE 
FIG. 2.4.3-19 


If  the  members  are  being  investigated  for  a  blast  pressure  of  an 
intensity  which  will  cause  only  small  plastic  strains  or  for  blast  pres¬ 
sures  Tdiich  have  a  time  of  rise,  then  the  rate  of  loading  will  be  slower 
and  the  use  of  a  linear  stress-strain  curve  and  the  tabular  method  of 
2, 5 .3-0  is  recanmended.  It  may  be  necessary  in  these  cases  to  consider 
the  variation  in  the  resistance  function  due  to  the  difference  in  the 
time  at  which  the  different  parts  of  the  member  reach  the  yield  point 
stresses.  This  condition,  while  not  important  in  estimating  the  total 
blast  capacity,  is  of  interest  in  the  investigation  of  the  behavior  of 
members  at  loads  different  than  the  critical  intensity. 


FIG.  2,4.3-20 


For  the  beam  in  figure  2.U#3-20,  irhich  is  assumed  to  have  equal  strength 
against  positive  and  negative  moments,  the  first  yield  points,  Myp  ,  are 
developed  at  the  fixed  supports  at  time  t|  (see  figure  2*l4.*3“2l)*  The 
maximum  deflection  at  this  time  is  X|  and  the  corresponding  resistance 
IsWr,.  Up  to  time,  t,  ,  the  equivalent  mass  is  that  of  an  elastic 
fixed-end  beam. 

After,  t|  ,  the  beam  is  assumed  to  be  simply  supported  with  a  con¬ 
stant  moment  applied  at  the  ends.  At  some  time,  fa  »  &  plastic  moment 
will  also  develop  at  the  midspan  and  the  corresponding  deflection  and 
resistance  is  X  and  Wr  respectively.  During  the  interval,  t2  "  ti  , 
the  equivalent  mass  will  be  that  of  a  sinqple  beam  and  the  change  in  re¬ 
sistance  and  deflection  is  and  X2  respectively. 

All  the  data  required  to  determine  the  resistance  function  prior  to 
development  of  the  full  plastic  resistance  is  shown  in  figure  2. U •3-21. 

If  the  resistance  function  is  plotted  to  scale  as  shown  in  figure  24U.3-22, 
line  OABC,  the  work  involved  in  a  step-by-step  analysis  is  facilitated. 

In  the  design  of  reinforced  concrete  mafnbers  the  beam  will  probably 
be  proportioned  so  that  positive  and  negative  plastic  hinges  develop 
simultaneously,  in  which  case,  the  resistance  function  would  have  only 
one  change  in  direction  as  shown  by  line  OAD.  This  simultaneous  yielding 
at  all  critical  points  is  advantageous  in  limiting  the  cracking  caused 
by  one  set  of  moments  having  plastic  hinges  developed  before  full  beam 
resistance  is  achieved. 

The  resistance  function  for  the  steel  members  is  assumed  to  increase 
linearly  from  zero  stress  to  the  dynamic  yield  point  value,  the  dynamic 
yield  point  being  obtained  from  figure  2.U.2-5  which  shows  the  recommended 
increase  in  yield  point  properties  under  rapid  rates  of  loading. 

While  it  is  believed  that  the  resistance  function  for  steel  members 
will  also  be  of  a  modified  form,  somewhat  similar  to  that  of  the  concrete 
members,  the  information  necessary  to  establish  these  characteristics  is 
not  available  at  the  present  time. 
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J,  Summary  -»  Bending  Resistance  Fuhctlon  Steel  Members  Under 
Dynamic  Loads 

The  resistance  function  for  the  steel  members  is  assumed  to 
increase  linearly  from  zero  stress  to  the  dynamic  yield  point  value, 
the  dynamic  yield  point  being  obtained  from  figure  2*U,2-5  irtiich 
shows  the  recommended  increase  in  yield  point  properties  under  rapid 
rates  of  loading# 

While  it  is  believed  that  the  resistance  function  for  steel  mem¬ 
bers  will  also  be  of  a  modified  form,  somewhat  similar  to  the  con¬ 
crete  members,  the  information  necessary  to  establish  these  charac¬ 
teristics  is  not  available  at  the  present  time# 

Equivalent  Mass  Factors 

Before  proceeding  with  the  analysis  of  typical  beam,  frame,  and 
slab  members,  it  would  seam  advantageous  to  discuss  the  equivalent 
mass  factors  used  in  the  analysis  of  the  buildings.  The  object  of 
this  investigation  being,  as  in  all  other  recommended  design  phases, 
the  derivation  of  a  simple,  usable  value  which  will  permit  a  fairly 
accurate  estimate  of  blast-pressure  resistance#  To  this  end  a  num¬ 
ber  of  studies  were  conducted  to  determine  the  most  acceptable  value 
for  this  effective  mass. 

From  purely  theoretical  considerations  the  value  of  the  equiva¬ 
lent  mass  will  vary  with  the  beam  curvature  and  displacement.  Ignoi*- 
ing  wave  propagation  and  dynamic  vibrations  of  several  possible  modes, 
a  simply  supported  beam  may  be  considered  to  have  an  elastic  curvature 
as  shown  in  figure 


t 


FIG.  2*4.4-) 

The  inertial  resistance  of  an  element  of  mass  (mdx) 
at  point  X  is  F  =  (mdx)  y  • 

The  total  dynamic  resistance  per  half  is; 

R=  r^mydx 

d  Jq 

F  s  Net  applied  force 

rn  -  Mass  per  unit  length 

y  = Deflection  of  the  beam  at  x 

y  s Acceleration  of  an  element  of  the  beam  at  point  x 
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Assuming  that  the  curvature  irLll  remain  the  same  after  the  first  infin¬ 
itesimal  deflection  and  that  the  deflection  at  any  time  may  be  expressed 


This  expression  becomes  useful  in  that  measurements  at  one  other  point  be¬ 
sides  the  centerline  will  establish  the  effective  mass  factor.  If  y  is 
measured  at  JL  -  J_ 

12 


then 


„  =  3.32 


The  ratio  of  kinetic  energy  imparted  to  an  element  at  x  coc^ared  to  the 
kinetic  energy  mparted  to  the  same  mass  at  the  centerline  would  be: 


The  ratio  K  of  the  average  energy  imparted  along  the  total  length  of  the 
beam  to  the  energy  imparted  to  a  unit  mass  at  midspan  is 


K  = 


+  _L_ 

n+l  ^  2n+l 


Values  of  K  are  listed  for  various  values  of  n  in  the  following  table 
of  figure 


y  <®  j 

.50 

.52 

.54 

.56 

.58 

.60 

.75 

.90 

yc 

n 

1.00 

1.06 

LI2 

1.18 

1.25 

1.32 

2.00 

3.32 

K 

.33 

.34 

.37 

.38 

.40 

.41 

.53 

.67 

FIG.  2.4.4-2 


70 


Values  of  n  =  1.00  and  n  =  2.00  correspond  to  triangular  and  second 
degree  parabola  beam  profiles  respectively* 

At  Icnrer  values  of  stress,  when  the  load  is  first  applied,  the  curvature 
may  be  calculated  from  the  applied  moment,  assuming  a  linear  stress  distribu¬ 
tion  and  assTiming  that  the  values  of  E  and  I  can  be  predicted  iifith  suf¬ 
ficient  accuracy*  During  this  time  the  elastic  curvature  is  approximately 
parabolic  in  shape  and  the  effective  mass  may  be  expected  to  be  approximately 
1/2  of  the  total  mass  n  =  2.00  After  yield  point  stress  is  reached  at  mid- 
span,  however,  the  moments  along  the  beam  will  remain  constant,  consistent 
with  the  adopted  resisting  function  shown  in  figure  2*I;#3-19#  The  values  of 
M/E  I  and  hence  the  curvature  along  the  beam  will  not  change  during  the  suc¬ 
ceeding  time  intervals  and  n  will  be  equal  to  1.00, 

To  substantiate  the  above  conclixsions  an  analysis  was  made  of  the 
Massachusetts  Institute  of  Technology  report,  ”A  Summary  of  an  Ijivestigation 
of  the  Shape  of  the  Deflection  Gurve  as  Affecting  the  Apparent  Mass  of  a 
Freely  Supported  Beam”.^23)  In  this  report  data  from  a  number  of  beam  tests  was 
presented  wherein  the  centerline  and  quarterpoint  deflections  were  recorded 
with  respect  to  time  for  beams  deflecting  under  dynamic  loads*  As  the  beam 
characteristics  were  not  given,  it  was  not  possible  to  establish  the  degree 
of  plastic  deformation  obtained  in  the  tests*  However,  examination  of  the 
data  indicates  that  the  steel  strains  may  not  have  been  carried  very  far  into 
the  plastic  range.  In  the  Massachusetts  Institute  of  Technology  report  ef¬ 
fective  mass  versus  centerline  deflection  and  effective  mass  versus  time  were 
calculated  and  plotted  as  shown  in  figures  2*k*k^3  and  respectively* 


FIG.  2. 4. 4  “3 


(23)  Staff,  Massachusetts  Institute  of  Technology,  Department  of  Civil  and 
Sanitary  Engineering,  »»A  Summary  of  an  Investigation  of  the  Shape  of 
the  Deflection  Curve  as  Affecting  the  Apparent  Mass  of  a  Freely 
Supported  Beam”* 


FIG.  2.4.4  “4 


The  particular  value  of  the  effective  mass  m  shown  in  fi^^es  &  h 
for  a  specific  value  of  the  deflection  at  the  centerline  8  or  any  par¬ 
ticular  time  t|  is  the  average  effective  mass  factor  from  the  position  at 
rest  before  the  load  was  applied  to  the  deflection  8  or  time  t|  plotted# 
In  other  words  the  effective  mass  averaged  from  the  beginning  to  the  end  of 
the  test  was  approximately  0#39  of  the  total  mass# 


To  find  the  instantaneous  effective  mass  for  each  small  increment  of 
time  during  the  deflection  of  the  beam,  additional  studies  were  made  using 
the  same  test  data#  In  this  study  the  change  in  curvature  between  success¬ 
ive  increments  of  time  was  computed  with  res\ilts  as  plotted  in  fi glare  2#li.l;-5. 
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or 
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FIG.  2. 4. 4-5 

This  study  shows  that  the  apparent  mass  facuor  corresponds  closely  to 
the  expected  l/3  for  strains  beyond  the  elastic  range# 

To  find  the  effect  of  different  mass  factors,  the  seme  pressure  loading 
and  two  extreme  mass  factors  using  n=l.00  and  n  =2.00  corresponding  to 
continuous  plastic  and  continuous  elastic  behavior  respectively,  were  used 
in  a  step-by-step  derivation  of  the  resistance  function#  The  two  resistance 
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LOAD- MASS 
FACTOR 


functions  thus  obtained  are  shovm  in  figure 
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FIG.  2. 4.4-6 

Either  resistance  curve  used  with  its  appropriate  mass  factor  will  give 
the  deformations  for  the  particular  test  load  shown  in  figure  2.U*3-18  from 
which  both  were  derived* 

The  difference  between  the  resisting  functions  was  slight. 

The  study  was  then  continued  by  var^dng  the  equivalent  mass  factors  in 
the  elastic  range  as  shovTn  by  lines  a,  b  and  c  in  figure  2.1i.U-7*  The  in¬ 
tegral  of  the  corresponding  resistance  curve  with  respect  to  time  for  each 
case  is  shown  in  figure  2.1;*i|.-8. 


p  .0075  Sec. 
TIME 


FIG.  2. 4.4-8 
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Figures  and  2.ii»li-8  show  that  variation  of  the  effective  mass 

factor  for  simply  s  imported  beams  vdthin  the  extreme  upper  and  lower  limits 
seems  to  have  only  minor  effects  on  the  required  design  strength.  It  is 
therefore  recomnended  that  an  effective  mass  factor  of  1/3  be  used  through¬ 
out  the  range  of  deflections  because  of  the  desirable  simplification  of  the 
design  analysis  thus  attained. 

Continuous  Beams :  Continuous  beams  are  subject  to  a  reversed  ciarvature 
within  the  elasliic  range  as  shown  in  figure  2.1;J;“9» 
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Th\is  -within  the  elastic  range  the  initial  equivalent  mass  factor  may  be  ex¬ 
pected  to  be  approximately  0*3 75,  or  sli^tly  less  than  the  value  of  0.500 
for  the  elastic  range  of  the  simple  beam.  As  the  deflection  continues  the 
yield  point  will  be  reached  at  the  supports  and  further  changes  in  the  beam 
may  be  expected  to  be  similar  to  those  for  the  simple  beam  described  pre¬ 
viously*  VShen  the  yield  point  at  the  center  line  is  also  reached  the  end 
and  centerline  moments  will  not  change  and  the  effective  mass  factor  will 
again  be  1/3  •  1/i/here  the  greater  part  of  the  deflection  is  Td.thin  the  plastic 
range,  the  use  of  1/3  throu^out  the  deflection  is  again  recommended  as  being  ) 

even  closer  an  approximation  than  for  the  case  of  the  simple  beam. 
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Detailed  Methods  of  Analysis 
A.  Members  Resisting  Loads  in  Bending 
Gfeneral  Method  of  Derivation 


In  the  previous  derivations,  use  of  the  equation  Fdt=  me  dv 
in  a  step-by-step  computation  for  beam  deflection,  has  assumed  that 
an  unbalanced  force  would  impart  a  linear  momentum  to  an  equivalent 
mass  of  the  beam  shown  in  figure  2.U.5-1  below*  In  the  following 
section  a  method  of  computing  equivalent  load  mass  ratios  for  use  in 
step-by-step  procedures  will  be  presented  assuming  only  that  plastic 
defoxTnation  occurs  throughout  the  time  of  motions  as  discussed  previ¬ 
ously. 


FIG.  2.4. 5-1 


If  we  assume  that  plastic  hinges  have  developed  at  the  point  of 
maximum  moment,  the  two  halves  of  the  member  may  be  considered  to  be 
rotating  about  the  support  as  rigid  bodies  under  the  action  of  the 
unbalanced  dynamic  load* 

The  acceleration  of  a  member  or,  in  the  case  of  a  beam  or  slab, 
the  acceleration  of  the  midspan  of  the  member,  will  depend  on  the 
equivalent  mass,  the  loading,  and  the  ultimate  resistance*  For  con¬ 
venience,  a  single  term  called  the  load^ass  factor  will  be  derived 
which  will  include  the  mass  effect,  the  loading  effect,  and  the  effect 
of  the  type  of  member  being  considered*  Having  the  load-mass  factor, 
the  total  load,  and  the  total  resistance,  each  type  of  a  member  may  be 
solved  by  a  single  process  and  tabiilar  arrangement* 
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As  the  beam  is  not  free  to  deflect  at  the  airports,  a  dynamic 
reaction,  in  addition  to  the  bending  reaction  will  be  developed  unless 
the  force  vector  passes  through  the  center  of  percussion  of  the  element« 

If  the  beam  is  considered  as  a  free  member  cut  at  midspan,  idth  each  half 
rotating  about  its  support  as  shown  in  the  figure  2.U.5-U  below,  the  total 
reaction,  S  ,  at  the  supports,  will  be  equal  to  the  shear,  R  ,  required 
to  develop  the  bending  moment,  Mg  ,  st  the  midspan,  plus  the  forci^  F2  » 
necessary  to  hold  the  end  of  the  accelerating  beam  at  point  0  .  The 
latter  part  of  the  reaction  will  depend,  at  any  instant,  on  the  net  force 
causing  angular  acceleration  and  may  be  found  as  follows: 


2  ^ 
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FIG.  2.4.  5-4 


Unbalanced  force  on  each  half  of  the  beam  causing  linear 
^  "  acceleration  of  each  half  of  the  beam# 

p.  Dynamic  reaction  for  each  half  of  the  beam  required  to 
'2  “  maintain  the  supported  end  of  point  0  during  rotation# 

Moment  of  Inertia  of  each  half  of  the  beam  about  its 
“  center  of  gravity# 

Several  conditions  of  loading  and  end  restraint  for  various  types  of 
members  will  be  considered  as  follows: 


1.  Simple  beam  or  slab  with  a  concentrated  load  at  mldspan 


Sc 


SsR+Fg 


FIG.  2.4.5 -2 


[r=F+R  =  Fi+F2+R 


S  =  Total  reaction  at  the  support* 

R  =  End  shear  corresponding  to  static  resistance. 
P  =  Concentrated  load  at  midspan. 

P/2  =  Load  to  each  side. 
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therefore 


Mm*  Moment  at  midspan.  *  *  R  ^ 

F  =  Unbalanced  dynamic  load  to  each  side.  =  —R 

P  ^  Unbalanced  force  on  each  half  of  the  beam  causing 
*  linear  acceleration  of  each  half  of  the  beam. 

_  ^  Dynamic  reaction  for  each  half  of  the  beam  required  to 
■2  “  maintain  the  supported  end  of  point  0  during  rotation* 

Moment  of  inertia  about  the  center  of  gravity  of  one  half 
"  the  beam- 

6  =  Angular  acceleration  of  half  the  beam. 

X  ~  Linear  acceleration  of  the  beam  at  midspan. 

ITl  =  Mass  of  x  of  the  beam. 

2 

nig  -  Equivalent  mass  of  ^  of  the  beam. 

L  =  Length  of  span. 

£  Moments  atO=Os-|-*-^  -  Mm  “IgS 

Mm  •  I-  R 

e  =  ^ 


F  =  X  Where  W(|  ^IW  Load-Mass  Flaotor  »  -5- 


Z  Moments  at  M  -  0  =  (R  +F2)  ^ 


c  -  JL 

therefore  *£  "”  g" 


=  =  -4rF 


2  ® 


S  =  R-fF 


2  Vertical  Forces  =  0  =  R+Fe'nn-^  "F|-f^-R 


therefore  5  i  rn  X  =  fTle  X  =  F 
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2*  Simple  beam  with  a  uniform  load 

Ifni- 


^  =  F  +  R  =  Fj  +  l^+R 


S'R+Fz  FIG.2.4.5-3 

W  =  Total  load  on  the  beam 


M^=  Moment  at  mid  spa 


n  =  •  R 


F  =  Unbalanced  dynamic  load  to  each  side  =  "g* 

At  any  instant  after  the  center  deflection  exceeds  the  yield  point 
deformation : 

2  Moments  at  0  =  0=  "“Rj 


s  -Smx  s 


mx  s  m.x 


where  m. 


and  the  Load-Mass  Factor  for  simple  beams  subjected  to  a  uniform  load  equals 


therefore 


S  Vertical  Forces  =0  =  R  +f^<‘m-^-F^-f^-R‘ 
Fi=  l-mx  =  -ImeX  = 

1C  Moments  at  M  =  0  =  (R  +  —Ic^ 


+  F  + 


R)-^  -M, 


therefore 


FeT  "  T  =  -^  (^2  ^  T'"*  0 

Fa  =  li  -  ^  "’e*  -  T  =  -^  ^eX  =  -^  F 


S  =  R  +-^F 
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3*  l^namio  End  Reaction 

This  paragraj^  has  been  omitted,  since  treatment  of  dynamic  end 
reaction  has  been  included  in  paragraphs  1  and  2,  above« 


(See  discussion 
on  Page  66  and 
Figure  2,4*5-4) 


U.  Fixed  end  beam  or  slab  with  either  a  concentrated  load  at  midepan 
or  a  uniform  load 


A  fixed  end  beam  or  slab  will  act  in  a  similar  manner  to  the  simple 
beam  except  that  the  moment  at  the  support  Mq  will  not  be  zero*  As  the 
load  is  applied  hothMo  and  will  increase  within  the  elastic  range* 


As  the  load  increases  to  the  point  where  ^  Spon  ^  uniform 

L  j  e 

load  and  — open  ^  concentrated  load  at  midspan,  exceeds  the 


yield  point  moments  at  the  supports,  the  ends  of  the  member  will  enter 
the  plastic  range  and  will  start  to  act  as  plastic  hinges.  The  moment 
At  the  center  may  also  reach  yield  point  at  this  time  -  for  concentrated 
loads  or  if  the  center  is  designed  for  a  smaller  mcxnent  capacity  -  how¬ 
ever  if  the  member  is  of  uniform  strength  the  moment  at  the  center  will 
continue  to  increase  under  further  strain  until  it  too  becomes  plastic* 
At  this  time,  with  both  and  plastic,  the  unbalanced  force 

causing  angular  acceleration  will  be  R  or  v^-  R  where 

R*(Mo+Mc)/'^  for  a  concentrated  load  and  R~  *  unifom 

load  at  midspan • 


The  load-mass  factors  will  be  the  same  as  for  the  simple  beam,  i.e* 
1/3  for  the  concentrated  load  and  2/3  for  the  uniform  load^  The  only 
change  will  be  the  value  of  the  resistance  force  described  above* 


5*  two-way  square  slabs 


The  ultimate  two-way  panels  seemed  to  offer  so  many  difficulties 
for  elastic  analysis  under  dynamic  loads  that  it  was  decided  to  approach 
the  panel  analysis  in  the  same  manner  as  used  for  the  beams  and  to  check 
these  r'esults  against  standard  engineering  practice*  For  the  analysis 
it  is  assumed  that  the  lines  of  failure  may  be  predicted  and  that  an  enqpir- 
ical  time-resistance  function  may  be  used  throughout  the  slab  deformation* 
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Considering  a  square  peine  1,  as  shown  in  figure  2«4«5-5a: 


F16.2A5-5a 


Assume  tha'b  yield  points  will  be  reached  in  the  top  steel  of  the  slab 
along  lines  AB,  BC,  DC,  and  DA  and  at  the  bottom  steel  along  diagonals  AMC 
and  BMD.  Assume  a  uniform  load  W  distributed  over  the  entire  slab. 


Consider  one  of  the  quarters  ABM  of  the  slab  as  shown  in  figure  2.4#5-5b: 


FIG.  2.4.5  -5b 


As  each  quarter  rotates  about  its  particular  support  under  the  influence 
o  f  the  load  W,  the  shears  along  lines  BM  and  AM  will  be  near  zero  because 
of  symmetry  of  deflection  in  the  four  identical  and  equally  loaded  quarters* 


> 
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At  any  instant,  the  quarter  panel  will  rotate  about  the  line  AB  as  follows: 


Total  moment  along  failure  plane  of  support  of  triangle  AMB 

Component,  perpendicular  to  the  supporting  edge,  of  all  the 
moments  along  the  interior  failure  planes  of  the  triangle 

Mass  of  of  panel  ABCD 

Static  resistance  of  the  triangle  AMB'  = 

Total  load  on  panel 

Unbalanced  dynamic  load  to  each  quarter  panel  =  ""R 

Unbalanced  force  causing  linear  acceleration  of  each  quarter  paJi®l 

Dynamic  reaction  required  to  maintain  the  supported  side 
at  0  during  rotation 

Length  of  side 

Angular  acceleration  of  triangular  segment 
Linear  acceleration  of  midpoint  of  panel 

Moment  of  inertia  about  an  axis  parallel  to  the  support  and  through 
the  center  of  gravity  of  the  quarter  panel 


them 


Z  Mcments  at  0  =  0  =  ^  ^ 

/w  rN  JL  -  inL  y  +  x 

iT  72  TT  12 


F  =  mx  =  mgX 


Where  m, 


Therefore  the  Load-Mass  Factor  for  a  square  twoHPray  panel  is  * 

A  step-^y-step  analysis  may  now  proceed  on  the  same  basis  as  that 
shomi  in  the  table  of  figure  9  ^or  a  beam  or  one-way  slab* 

The  supports  along  the  slab  edges  must  be  capable  of  sustaining  a 
load  equal  to  the  static  moment  resistance  of  the  adjacent  segment  plus 
any  additional  dynamic  reaction  resulting  from  the  rotation  of  the  member. 
If  we  assume  negligible  settlement  of  the  supports  and  use  the  same  nota¬ 
tion  as  was  used  for  the  rectangular  shaped  member,  the  derivation  for 
the  dynamic  reaction  of  a  triangular  segment  is  as  follows: 
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E  Vertical  Forces 

=  0  =  R+  ^  +  m-5r-F,  -Fg-R 


fr  =  ^mX=-|-meX  =  t 


+  -=t-R 
*“2 


5^  Mcanents  at  M  =  0  -  (R  ■*■  Fg) 

+  m  y  '  -  Ic©  “  (*^1  "S 

"(Ms+Mm) 

bhen 


FIG.  2. 4. 5- 5 


^(F2+-^rrx-2F,)  =  0 


I  4  ..  .1  I 

Therefore  =  2F[  - rnx  =  “J"  F 


S  =  R 


Assuming  that  the  above  procedure  "will  succeed  in  allowing  for  all 
dynamic  effects,  there  still  remains  the  necessity  for  predicting  the  in¬ 
stantaneous  distribution  of  resisting  moment  along  the  edges  and  diagonals. 
Assuming  aXl  moments  in  the  plastic  range,  the  sum  of  the  positive  and 

negative  resisting  moments  along  the  fail\ire  planes  will  be  IKMm+Ms). 

Comparing  this  total  moment  with  static  resisting  moments  obtained  by  other 
methods,  the  results  are  as  follows j 

(a)  Assuming  a  square  slab  clamped  on  all  edges,  the  maximum  theoretical 
stress  (24)  for  loads  within  the  elastic  range  occurs  at  the  mid 
point  of  the  side  as  listed  in  line  A  in  figure  2.4*5-5d# 


(  2U  )  T.  Evans  Moment  Deflection  Values  for  a  Claiqped  Rectangular  Plate 
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(b)  Experimental  data  on  square  slabs  indicate  that  stress  redistribution 
•will  occur  within  acceptable  strains.  The  American  Concrete  Institute 
Building  Code  (2^)  allows  for  such- redistribution  by  recommending  empir¬ 
ical  coefficients  as  listed  in  line  B  of  figure  2.i;.5-5d. 

(c)  The  use  of  the  plastic  behavior  described  in  the  derivation  of  the  dy¬ 
namic  formulae  will  assume  still  greater  redistribution,  however,  if 
the  slab  steel  is  unbalanced  by  reducing  the  moment  resistance  in  the 
column  strip  by  l/3  and  adding  this  strength  to  the  middle  strip.  Then 
the  strength  provided  in  the  middle  strip  will  be  represented  by  lineC 
of  figure 


Analysis 

Moment  Coe.fficient,  C  (M  =  CxWL) 

5]  Mg+  Mppi 

Remarks 

B 

Elostic 

0.051 

0.022 

0.073 

Mox.  at  midpoint 

B 

A.C.I.  Building 
Code 

0.033 

0  02  5 

0.058 

Middle  strip 

0.028 

0.021 

0.049 

Av.  over  width  L 

C 

_ 1 

Limit  Theory 

0.031 

0.031 

0.062 

Middle  strip 

0.021 

0.021 

0.042 

Av,  over  width  L 

FIG.2.4.5-5d 

The  suggested  procedure  (c)  results  in  a  fairly  rapid  step-by-st^ 
method  of  analysis  for  slabs  under  dynamic  load,  and  will  provide  approx¬ 
imately  the  same  static  strength  and  a  similar  distribution  of  strength  as 
recommended  in  the  code  provisions  of  the  American  Concrete  Institute* 

This  arbitrary  limitation  on  stress  distribution  may  be  too  conservative 
for  the  design  of  slabs  e::q>ected  to  show  appreciable  plastic  deformations* 
For  this  reason  several  test  panels  have  been  detailed  with  varying  ratios 
of  strength  for  the  middle  strip  versus  the  column  strip.  The  limits  should 
be  reviewed  as  soon  as  additional  data  from  the  post-test  analysis  is  avail¬ 
able. 
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6.  Two-Way  Rectangular  Panels 

Rectangular  panels  may  be  designed  for  a  given  deflection  under  dynam¬ 
ic  loads  in  a  similar  manner.  See  figure  2.1i*5*-6* 


f  f' 


FIG.2.45-6 

(2$)American  Concrete  Institute,  building  Code  Retirements  i*or  Reinforced 
Concrete  (A.C.I*  3l8-li7) 
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Panel  a  a*  b*  b  may  be  considered  as  consisting  of  elements  A,  A%  B,  B* 
bordered  on  all  edges  by  failure  planes.  If  we  isolate  the  triangular  areas 
A  and  A*,  the  dynamic  deflections  of  points  c  and  c*  may  be  found  by  the 
method  described  previously  for  a  square  panel*  The  next  step  is  to  supply 
just  sufficient  moment  resistance  for  the  areas  B  and  B*  to  make  the  deflec¬ 
tion  of  line  c  c*  compatible  with  the  deflection  computed  for  points  c  and  c’ 
of  triangles  A  and  A*. 

The  computation  may  be  simplified  if  sections  B  and  B’  are  further 
subdivided  into  triangular  elements  such  as  afc  and  rectangular  elements 
such  as  c  f  f*  c'*  The  triangular  subdivisions  will  be  satisfactory  if  their 
moment  resistance  per  unit  length  along  the  edges  is  the  same  as  for  the  cor¬ 
responding  edges  of  triangles  A  and  A* . 

The  rectangular  section  c  f  f’  c’  may  be  analyzed  as  previously  described 
for  one  way  slabs* 

The  previous  discussion  has  been  concerned  with  a  slab  continuous  on  all 
edges.  However,  the  method  lends  itself  to  various  other  conditions  of  sup¬ 
port,  so  long  as  the  failure  planes  can  be  accurately  predicted*  This  is 
most  readily  accomplished  by  following  the  lines  of  maximum  stress  as  deter¬ 
mined  from  an  elastic  analysis. 


7.  Flat  Slabs 
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The  design  of  i'lat  slab  panels  subjected  to  dynamic  loads  may  be 
approximated  using  the  same  approach  as  tos  adopted  for  the  two  way 
slabs  of  the  preceding  paragraphs. 

^  The  assumed  failure  planes  for  this  framing  are  shown  in  Fig# 

2#i|.5l-7-  For  equal  spans  under  uniform  loading  the  adjoining  planes 
are  symmetrical,  the  deflections  are  equal,  and  the  shear  between  the 
elements  and  normal  to  the  surface  of  the  slab  is  zero#  If  shears  in 

^  the  plane  of  the  slab  and  twisting  moments  along  the  planes  of  failure 

are  ignored,  each  segment,  such  as  m  n  o  p  may  be  separated  and  trea¬ 
ted  as  an  independent  member  rotating  about  the  line  of  support,  o  p 
which  represents  the  face  of  the  column,  the  edge  of  the  capital,  or 
the  drop  panel. 

The  moment  tending  to  rotate  the  member  about  its  svspjiort  will 
depend  on  the  total  load  and  the  location  of  the  lever  arm  as  deter¬ 
mined  by  the  center  of  gravity  of  the  load.  The  dynamic  motion  of  the 
member  will  be  resisted  by  the  moments  developed  along  the  failure  planes 
and  will  be  influenced  by  the  inertia  forces  developed  by  the  equivalent 
mass  of  the  element. 

Using  the  constants  below,  a  step  by  step  analysis  may  proceed  on 
the  same  basis  as  that  shown  in  the  table  of  figure  for  a  one 

way  slab  or  beam.  The  derivation  of  the  required  constants  is  shown  in 
section  2.U.5-A8. 

^  If  each  segment  is  assumed  to  be  supported  at  the  center  of  a  col¬ 

umn,  the  total  computed  static  moment  will  bet 

M  ::  0.0833WL 

2 

Krtier.  W  =wL 

A.. 

and  L  =  center  to  center  spacing  of  stpports 


This  cospares  with  the  value  of  0.09  which  is  specified  by  the  American 
Concrete  Institute*^  as  the  coefficient  ofWL  for  the  coaputation  of  the 
total  design  moment  in  any  flat  slab  panel.  The  computed  steel  areas 
may  be  distributed  to  colxman  strips  and  middle  strips  in  the  same  pro¬ 
portions  as  specified  by  conventional  code  requirements# 

A  half -panel  strip  supported  at  the  outer  end  by  spandrel  beams  or 
by  exterior  w^ls  may  be  considered  as  a  member  spanning  in  one  direction. 
This  part  may  be  designed  as  a  one-way  slab,  as  described  in  section 
2.U.^A2. 


V 


(fe)  toerican  Concrete  Institute,  Builldl^  Cocie  Reqtdrements  for 
Reinforced  Concrete  (A.C.I. 
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8,  Constants  for  Segnents  of  Any  Shape 


Where  failure  planes  break  a  slab  into  izregularly  shaped  seg¬ 
ments,  the  constants  required  for  analysis  of  the  segraent  by  the  method 
of  section  2/h*^9  ®ay  he  derived  as  ^oim  below. 


If  a  segment  is  supported  along  line  0-0  with  irregular  failure 
planes  as  shown  in  figure  yield  point  moments  are  developed 

along  these  failiire  planes  as  indicated,  and  if  the  shear  along  these 
failure  planes,  nozmal  to  the  surface  of  the  aisih  is  zero,  the  seginent 
will  rotate  about  line  0-0  under  the  action  of  the  unbalanced  load 
(W^R)  •  With  notation  as  used  previously  or  as  indicated,  the  equa¬ 
tion  of  motion  for  the  segment  1st 


(w-R)-c,=  ;,e  =1,-^ 
(W-R)= 


where,  x  is  measured  at  B 
where  s  — 


m 


JTTl  =  mass  of  the  segment 


(W-R)  =  meX  Where  me=m-^ 

*  c,l 

Therefore,  the  Load  -  Mass  factor  becomes 


The  si^ports  of  the  segment  along  line  0-0  will  receive  a  load 
equal  to  the  static  moment  resistance  of  the  segment,  plus  a  dynamic 
reaction  resulting  from  Ihe  rotation.  This  cfynamic  reaction  may  be 
derived,  using  the  same  ijotation  as  was  used  for  the  rectangular 
members  or  as  indicated  in  figure  2.U»^-*9b. 


4 


> 


t 
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=  W-R 


s 


Therefore  the  total  reaction  S  line  0-0  =  R  +  F2 


S=R  + 


(W-R) 


The  accelerations,  velocities,  and  deflections  of  any  flexural 
member  may  now  be  computed  on  the  basis  of  the  applied  loads  and  an  appro¬ 
priate  resistance  function*  The  following  step-by-step  procedure  illustrates 
the  general  procedure  of  such  computation: 

a*  Select  time  stations,  ,  such  that  tyi  gives  a  time  interval, 

At  f  consistent  with  the  accuracy  of  the  solution* 

b*  Find  the  average  load  W  for  the  various  time  intervals* 

c.  From  the  resistance  function  find  the  average  resistance  in  the  given 
time  intervals.  "When  the  resistance  is  a  function  of  the  displace¬ 
ment,  the  magnitude  of  resistance  in  each  time  intex^al  must  be  com¬ 
puted  by  trial  and  error. 
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d*  Subtract  the  average  resistance  from  the  average  load  to  obtain  the 
unbalanced  dynamic  load. 

e.  Divide  the  unbalanced  dynamic  load  by  the  equivalent  mass  to  obtain 
the  average  acceleration. 


f .  Multiply  the  average  acceleration  by  the  time  interval  to  obtain  the 
change  in  velocity  in  that  time  interval. 

g.  Sum  the  incranents  of  velocity  prior  to  any  given  time,  ,  to  get 
the  instantaneous  velocity,  • 


h.  Compute  the  average  velocity 


in  each  time  increment  as  Vs 


i.  Multiply  the  average  velocity  by  the  time  interval  to  obtain  the 
change  in  deflection  in  that  time  interval. 


J*  Sum  all  the  increments  of  deflection  to  obtain  the  total 
deflection# 

A  tabular  arrangement  for  the  above  computation  is  shown  in 
Figure  •  The  con^jutation  is  completed  at  time,  tf  ,  when  the 

positive  velocity  is  reduced  to  zero  and  the  maxLmuaHpositive  deflection 
is  achieved# 

Where  only  the  final  deflection  is  required  the  table  may  be 
greatly  condensed,  as  shown  in  the  table  of  Figure  2 #5 #3-1 • 


1.  Analysis  completed  at  tf 


FIG.  2,4.5 -9 
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10*  Semi-graphical  Solutions 


The  empirical  resistance  function  derived  in  Section  2 •4*3  can  be 
adapted  to  a  semi-graphical  procedure  for  determining  accelerations, 
velocities,  and  deflections.  For  example,  in  fig\ire  2*li#5-10a  the  dif¬ 
ference  between  the  impulse  and  the  resistance  curves  at  any  time  divid¬ 
ed  by  the  equivalent  mass, mg  ,  equals  the  instantaneous  acceleration 
at  that  time* 


F16. 2.45-IOa 

If  we  consider  area  A  to  be  positive  and  area  B  to  be  nega¬ 
tive,  the  summation  of  area  up  to  any  time  divided  by  the  equivalent 
mass  equals  the  instantaneous  velocity  at  that  time*  The  maximum 
positive  velocity  occurs  at  time  t,  • 

At  time,  ,  the  areas  A  and  B  being  equal,  their  sum  and 
hence  the  velocity,  is  zero.  This  point  also  marks  the  maximum  posi¬ 
tive  deflection  of  the  elea»nt  which  may  be  computed  as  follows: 


ACAt^ )  -  B(Atg) 

^mox"  m 

The  deflection  at  any^other  time  may  be  computed  in  a  similar  manner* 

To  be  practical,  for  graphical  solutions  based  on  the  linear  stress- 
strain  resistance  functions,  a  linear  stress-time  relation  must  be  assumed* 
>  This  transformation  is  subject  to  variable  degrees  of  error. 

Figure  2*ii.5"10b  shows  the  actual  response  for  members  of  different 
natural  frequencies  compared  to  the  time  of  rise  of  the  rapidly  applied 
V  load. 
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LOAD,  __ 
RESISTANCE 


FIG.2.4.5-I0b 


In  the  graphical  solution  the  slope  of  the  linear  elastic  resis¬ 
tance  function  is  chosen  to  give  the  actual  deflection  at  the  time  the 
yield  point  is  reached.  This  is  accomplished  ty  two  or  more  trials  using 
the  moment  of  areas  between  the  load  and  resistance  curves  in  a  similar 
manner  to  the  deflection  computations  for  the  stepped  resistance  function 
described  previously* 

For  example,  the  moment  of  the  unbalanced  area  between  the  load 
and  the  resistance  curve  up  to  the  assumed  yield  point  multiplied  by  the 
arm  from  the  yield  point  to  the  center  of  gravity  of  this  area  should  be 
equal  to  the  yield  point  deflections  of  the  assumed  member  multiplied  by 
the  effective  mass.  If  the  computed  and  assumed  deflections  are  not  equal 
a  new  slope  must  be  tried  and  the  process  repeated.  iMien  the  deflections 
agree  the  assumed  slope  is  correct  for  the  assumed  resistance* 
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It  can  be  seen  that  the  time  to  reach  the  yield  point,  typ  and  typ  I'or  the 
actual  and  assumed  resistance  curves  are  different,  the  magnitude  of  error 
depending  on  the  shape  of  the  actual  response  curve*  A  similar  conclusion 
may  be  made  for  the  time  to  reach  zero  velocity,  U  ff  ^or  the  actual 

and  assumed  responses*  Since  the  deflection  depenas  on  the  moment  of  im¬ 
pulse  areas,  the  final  deflection  using  the  linear  response  curve  is  also 
in  error*  Therefore,  the  feasibility  of  the  graphical  procedures  using 
straight  line  resistance  functions  will  depend  on  the  allowable  error*  The 
procedure  for  the  beam  shown  in  figure  2*1; *3-21,  section  2*1; .3-1  is  illus¬ 
trated  in  figure  2*l;.5-10c. 


A-AtA, 

The  slope  of  0  0  is  determined  from  the  condition,  x,  = - 

where  x  is  the  deflection  at  which  the  first  yield  point  is  reached 
in  the  member.  The  slope  of  ob  is  detennined  from  the  condition, 

X  =  ^  where  x  is  the  deflection  at  which  the 

second  yield  point  is  reached. 


For  the  particular  member  shown  the  resistance  is  constant  after 
the  second  yield  point  is  reached.  The  member  furnishes  this  resistance 
until  the  time  \\  at  which  time  the  velocity  is  zero(A  =  B+C) 


The  maximum  deflection  at  this  time  is, 


A  -  AtA  -  B  •  AtB  —  C*  Ate 

^max 


m 


LOAD 


B.  Members  Resisting  Loads  by  Ganbined  Shear  and  Direct  Stress 

Members,  such  as  floor  and  roof  slabs  transmit  the  horizontal 
wall  reactions  to  the  frames  or  shear  walls  by  means  of  direct 
stress  and  shear  in  the  plane  of  the  slab#  In  the  case  of  the  shear 
walls  the  horizontal  floor  reactions  are  distributed  to  the  footings 
in  the  same  manner# 

The  simplest  approach  to  the  solution  of  this  problem  appears 
to  be  an  analysis  in  two  separate  and  distinct  steps#  First  the 
stress  distribution  is  determined  assuming  the  blast  pressure  to  act 
as  a  static  load,  then,  as  a  second  step,  the  effect  of  the  dynamic 
nature  of  the  loading  is  considered  and  such  corrections  or  adjustments 
are  made  to  the  results  of  the  static  analysis  as  may  be  deemed 
necessary. 

Static  Loading 

If  a  flat,  rigid,  homogeneous  member  such  as  a  plate  is  sub¬ 
jected  to  a  load  in  the  plane  of  and  d.ong  the  front  edge  of  the 
plate  and  the  stresses  developed  are  confined  vdthin  the  elastic 
limit,  it  is  possible  to  determine  the  distribution  of  the  shearing 
stresses*  within  the  member  by  formal  methods  according  to  the 
theory  of  elasticity# 

In  cases  where  the  ratio  of  slab  depth  to  width  is  greater  than 
one,  the  stress  distribution  may  be  approximated  by  the  follo^Ting 
sinplified  analysis. 

Referring  to  figure  2.1i.5“ll#  it  is  assumed  that  each  element 
undergoing  distortion  as  indicated ^will  move  in  the  direction  of  the 
load  until  sufficient  direct  and  shearing  forces  are  developed  to 
maintain  equilibrium. 


> 
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Assuming  ihe  element  to  be  of  unit  thickness  and  summing 
the  forces  in  the  X-direction: 


oidy-(<rx  f  $dx)dy-t-  (Txy+^^dy)dx-  T^y  dx  =  0 


da-'.  </txv 

+  -T^  =  0 

</x  rfy 


equation  2  *1^  >5-31 


For  the  elastic  case  the  strain  relationships  are  as  follows t 


Therefore* 


equation  2«U*5-B2 


dy  ''  ®</y2 


equation  2.U.5-B3 


2  .  6 


Substituting  (2)  and.i3)  in  (1)  and  letting  n  =  -^ 


<!!a  +„a!d2  .  0 


equation 
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The  solution  of  equation  on  the  preceding  page,  in  accord¬ 

ance  with  the  assumed  boundary  conditions,  provides  the  stress  distribution 
curve  shown  in  figure  2.U*5*-12. 


Y 


DISTANCE  X 

FIG.  2.4.5-12 


The  steel  in  walls  and  slabs  is  usually  uniformly  dispersed  throughout 
the  member  and  is  not  ideally  located  to  carry  such  concentrations  as  indi¬ 
cated.  If,  however,  the  member  is  designed  for  strains  above  the  elastic 
limit,  then  the  plastic  deformation  will  give  a  more  uniform  distribution 
of  stress  and  more  of  the  uniformly  distributed  reinforcing  steel  will  be 
stressed  to  the  yield  point,  thus  making  for  more  efficient  use  of  the 
steel*  However,  assumptions  of  plastic  deformation  should  be  investigated 
to  find  their  effect  on  buckling  stability.  The  deformations  should  not 
be  so  large  as  to  prevent  the  use  of  the  building. 

For  the  design  of  the  test  structures  the  finite  difference  method 
recommended  by  D.  McHenry  (26)  (27)  was  adopted  and  was  used  to  compute 
strains  and  stresses  within  the  member.  This  method  may  be  described 
briefly  as  follows: 

The  member  being  investigated  is  replaced  by  a  grid  dividing  the 
section  into  small  elements;  the  grid  being  composed  of  an  equivud.ent 
statically  indeterminate  truss  with  square  panels  and  counters.  The  elas¬ 
tic  relationship  between  the  motion  of  each  point  on  the  grid  and  the  asso¬ 
ciated  or  connected  points  on  the  grid  is  established,  after  ?^ich  each  point 
is  relaxed  or  allowed  to  displace  under  the  given  loads  and  boundai*y  con- 


(26)  D.  McHenry,  ”A  Lattice  Analogy  for  the  Solution  of  Stress  Problems” 

(27)  D.  McHenry,  "Lattice  Analogy  in  Concrete  Design” 
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ditions*  By  means  of  a  systematic  niimerical  procedure,  the  effect  of 
the  displacement  on  all  other  points  is  duly  recorded.  When  all  points 
have  been  relaxed  and  the  entire  system  is  in  equilibrium,  the  solution 
y  has  been  accomplished.  The  stresses  may  be  easily  calculated  from  the 

final  displacements.  A  detailed  example  showing  the  use  of  this  method 
is  presented  in  Appendix  5  . 

The  method  is  quite  flexible,  permitting  studies  of  action  in- 
*  volving  changes  in  behavior  of  the  material  with  change  in  strain#  Prob¬ 

ably  one  of  the  most  important  attributes  in  this  respect  is  that  load 
redistribution  at  stresses  beyond  the  yield  point  may  be  effectively  esti¬ 
mated  either  by  changing  the  stress-strain  relationships  between  adjacent 
points  as  their  respective  yield  points  are  reached  or  by  redistributing 
stresses  which  exceed  the  yield  point. 

2*  Dynamic  Loading 

When  a  large  heavy  member  is  subjected  to  dynamic  loads,  the 
particles  are  accelerated  as  the  load  is  applied  then  decelerated  as  the 
momentum  of  the  mass  is  reduced  by  the  reactions#  While  the  member  is 
accelerating,  its  resistance  to  strain  and  the  force  developed  due  to 
the  inertia  of  the  particles  will  combine  to  resist  the  applied  load# 

TIHien  it  starts  to  decelerate,  the  required  strength  will  depend  on  the 
combination  of  the  force  due  to  the  momentum  of  the  particles  as  well  as 
the  magnitude  of  the  load  still  being  applied. 

j  Assuming  a  rectangular  pulse  loading  and  unyielding  supports, 

if  the  motion  is  stopped  within  the  elastic  range  of  the  resisting  mater¬ 
ials,  the  rate  of  acceleration  and  deceleration  will  be  equal  and  the 
unit  stress  will  be  twice  that  obtained  under  the  same  static  load.  If, 
for  the  same  loading,  the  strain  is  allowed  to  exceed  the  elastic  limit, 

^  several  interdependent  actions  occur  which  permit  further  reduction  in 

strength.  By  reducing  the  design  strength  in  order  to  allow  the  strain 
to  exceed  yield  point  strain,  the  net  excess  of  resistance  over  load  is 
decreased,  thereby  causing  the  mass  to  decelerate  at  a  slower  rate  and 
reducing  the  total  force  causing  motion  (which  at  this  time  is  exposed 
of  the  applied  load  plus  the  inertia  force  of  the  decelerating  mass.) 
Furthermore,  the  peak  stresses  are  reduced  because  of  redistribution  of 
the  stress.  The  necessary  design  strength  is  therefore  reduced  from 
that  required  to  maintain  the  strains  within  the  elastic  limit,  because 
both  the  applied  design  load  is  lower  and  the  stress  distribution  is 
more  uniform. 

Ductile,  heavy  mass  members  will  be  even  more  effective  in 
resisting  short  duration  peak  loads  than  described  above  for  rectangular 
pulse  loading. 

As  shear  members  are  inherently  stronger  than  the  flexural 
^  members  of  a  building  frame,  the  strength  requirements  for  these  members 

are  not  severe.  In  view  of  this,  as  well  as  in  consideration  of  the 
difficulties  in  obtaining  a  reasonably  accurate  analysis  under  the  neces¬ 
sary  but  doubtful  assumptions,  it  seems  preferable  to  consider  only 


limiting  conditions,  and  to  check  these  against  test  behavior,  leaving 
the  complete  solution  until  more  basic  data  is  available* 

3*  Recoinnended  Design  Procedure 

(a)  Determine  the  stress  pattern  using  twice  the  given  dynamic  load 
as  an  applied  static  load*  Use  the  appropriate  curve  from  figure  2*U*5"13 
to  determine  the  distribution  of  the  applied  load*  If  the  building  is  of 
^finite**  length  relative  to  its  width,  use  the  same  load  distribution  curve, 
but  at  the  discontinuous  edge  apply  an  edge  load  of  the  same  proportioiis 
compared  to  the  load  on  the  front  edge,  as  the  distributed  shear  at  that 
point  is  proportional  to  the  shear  at  the  front  edge.  Superimpose  the  load 
distribution  of  the  first  and  second  edge  loads  using  the  proper  signs. 

(b)  Decrease  the  stresses  found  in  step  (a)  by  a  factor  of  1*35 
representing  the  expected  increase  in  strength  due  to  the  rate  of  loading* 
This  increase  in  strength  under  dynamic  loads  is  a  conservative  estimate 
based  on  comparisons  with  the  increase  in  strength  of  members  under  bending 
stress  which  have  slower  rates  of  loading*  As  mentioned  previously  in 
section  2 *1^.3,  the  strengths  of  members  under  flexure  were  increased  approx¬ 
imately  35?  to  60?.  Using  the  same  35^  increase  in  strength  for  the  shear 
wall  buildings  will  be  equivalent  to  using  li|8^  as  the  dynamic  load  factor 
rather  thaui  the  200^  described  in  step  (a). 

(c)  Some  redistribution  of  stress  may  be  arbitrarily  allowed  by  per¬ 
mitting  the  stress  at  points  of  maximum  load  concentration  to  exceed  the 
yield  point*  The  permissible  amount  of  stress  redistribution  will  depend 

on  the  ratio  of  the  peak  stress  to  the  average  stress  and  on  the  amount  of 
strain  iidiich  may  be  tolerated  in  the  structure.  As  an  example,  consider 
the  case  of  the  frame  buildings  and  the  shear  wall  building  of  the  test 
structure,  where  the  floor  slabs  deliver  the  horizontal  wall  reactions  to 
the  frames  and  shear  walls  respectively.  In  the  case  of  the  frames,  the 
entire  wall  load  is  transmitted  from  the  front  walls  to  the  frame  through 
the  floor*  A  peak  stress  concentration  will  occur  at  the  intersection  of 
the  front  edge  and  the  frame  as  shown  in  curve  I  of  figure  2. U* 5-13  as 
well  as  in  the  preceding  figure.  Figxire  2*ii.5“13  is  drawn  for  the  case 
of  an  approximately  square  building. 

The  building  with  shear  walls,  in  contrast,  has  part  of  the  front 
wall  pressure  carried  directly  from  the  front  wall  to  the  shear  wall  due 
to  the  fact  that  the  shear  wall  is  continuous  with  and  furnishes  end  reac¬ 
tions  to  the  closure  wall.  The  stress  distribution  for  this  case  is  shown 
in  ciirve  2  of  figure  2.U*5-13.  As  a  first  estimate,  pending  more  informa¬ 
tion,  it  is  recommended  that  the  peak  load  be  averaged  over  bands  equal  to 
G  in  length. 


FIG.  2.4.5-13 

Buckling  Stability  of  the  Floors 

The  elastic  stability  of  the  floor  slab  should  also  be  investi¬ 
gated  for  combined  direct  and  shearing  stresses ♦ 


Assuming  that  the  floor  slab  is  homogeneous  in  action,  then  the 

^  kir^Eh^ 

critical  buckling  load  may  be  assumed  to  be  of  the  form  ^et  = 


similar  to  the  criteria  for  flat  plates  under  static  loading*  As  the 
requirements  are  not  usually  high,  it  is  probable  that  use  of  the  static 
load  condition  will  be  satisfactory  providing  a  reasonable  factor  of 
safety,  such  as  U,  is  maintained*  Of  the  remaing  factors,  E  may  be 
taken  as  U, 000, 000  p.s.i*  under  the  short  time  dynamic  loads;  b  is 
the  width  between  stiffeners  or  girders,  h  is  the  slab  thickness,  and 
k  will  depend  on  the  conditions  of  edge  support  idiich  is  usually  given 
in  terms  of  the  ratio  of  ”A,”  the  distance  between  stiffeners  or  reac¬ 
tions  and  the  width  between  the  stiffeners. 


The  slab  may  be  checked  using  a  general  value  of  k  =  4  • 

If  the  slab  appears  low  in  strength  using  this  value  a  more  accurate 
investigation  may  be  made  in  accordance  with  investigations  of  similar 
problems  (13)^ (ll;)^  (l5)*  As  the  stability  varies  with  the  square  of 
the  slab  thickness,  large  increases  in  strength  may  be  obtained  by  small 
changes  in  the  steel  percentages  and  in  the  type  of  framing,  so  great 
accuracy  is  not  necessary.  The  linear  relationship  assuming  that  the 
sum  of  the  ratios  of  the*bending  stress  to  the  ultimate  stress  plus  the 
direct  stress  to  the  buckling  stress  is  equal  to  or  less  than  one  is 
probably  sufficiently  accurate  for  the  condition  of  combined  bending 
and  direct  or  shearing  stresses  described  above. 


(13)  S.  Timoshenko,  Theory  of  Elastic  Stability 

(111)  E.  E.  Sechler  &  L.  G.  Dunn,  Airplane  Structural  Analysis  and  Design 
(l5)  J.  E.  Younger,  Mechanics  of  Aircraft  Structures 
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This  may  be  stressed  analytically  as  follows: 

P/A  .  M/Z  ^  , 

O'er  cr  * 

where  P  =  Total  edge  load 

A  =  Cross-sectional  area  of  the  slab 

_  Bending  mcxnent  in  a  direction  perpendicular 
^  ”  to  the  front  edge 

Z  =  Section  modulus  of  the  plate 

flihen  the  bending  stress  occurs  in  direction  parallel  to  the  front 
edge,  it  is  unnecessary  to  combine  the  stresses  in  the  manner  shown  above* 
For  this  condition  the  curvature  due  to  bending  tends  to  increase  the 
stability  of  the  slab* 

For  a  combination  of  shear  and  bending  the  design  should  be  based 
on  the  principal  stresses  in  the  slab*  As  concrete  is  strong  in  direct 
shear  but  weak  in  tension,  the  principal  tensile  stress  is  usually  the 
governing  factor  in  design* 

C*  Analysis  of  Building  Frames  Resisting  Lateral  Loads  in  Flexure 
1*  Steel  Rigid  Frames 
a*  Lateral  Resistance 
(1)  General 


As  lateral  loads  are  applied  to  a  building  frame  relative 
horiasontal  displacements  take  place  among  the  various  floors*  As 
a  result  the  columns,  idiose  extremities  are  restrained  against 
rotation,  develop  end  moments  and  horizontal  shearing  forces  which 
oppose  the  displacement*  q 
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FIG.  2.4.5-14 


FIG.2. 4.5-15 
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From  the  figure  2.U*5-lU  it  can  be  seen  that  the  magnitude  of  the  oppos¬ 
ing  shear  in  ai^  member  will  be 

H  =  Mb  Equation  2.U.5  C-1 

Fop  any  given  value  of  S  >  i^ecific  values  for  Mf  and  M3 
may  be  found  from  the  resistance  function  of  the  column  as  a  structural 
member  under  combined  bending  and  dii^ct  stress*  If  there  is  Uo  axial 
load  then  P  *  8  will  be  zero  and  equation  2*U*5&-1  will  apply*  In 
this  case  the  specific  values  of  Mj  and  may  be  found  directly 

from  the  relative  deflection  of  the  ends  ai^  the  idealized  resistance 
curve  described  in  Section  2*U*3*^  and  shown  again  in  figure  2*U*5-l6# 


I 


If  the  member  is  subjected  to  an  axial  load  P  as  well  as  a  lateral 
displacement,  as  shown  in  figure  2*U#5-‘l5»  the  lateral  resistance  is  re¬ 
duced  by  the  amount  Pv  8_  or  H  =  P  Equation  2.U#5  C-t 

h  h 


2)  Combined  Bending  and  Axial  Load  -  Plastic  Range 

In  the  plastic  range,  nhich  embraces  the  greater  part  of  the 
the  axial  load  bending  moment  relationship  may  obtained  described 
in  sections  2.U.3-E  and  as  shown  in  figure  2,U.5-17,  curve  0  . 
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A  large  number  of  points  are  reqxiired  to  define  accurately  the 
theoretical  load-moment  curve  a  .  In  actual  design,  however, 
straight  lines  may  be  drawn  from  the  point  of  full  plastic  moment 
without  axial  load  M  at  P  =  0  to  a  second  point  in  which  the  full 
web  area  is  required  for  axial  load  M  at  and  continued  to  a 
third  point  in  iidiich  the  entire  section  is  required  to  carry  the 
axial  loadM=0*  The  broken  line  defined  by  these  three  points  is 
sufficiently  accurate  for  practical  purposes#  If  the  maximum  axial 
load  is  comparatively  small,  (as  in  figure  2.U*5-17)i  the  error 

in  using  the  constant  resistant  moment  MatP=Owill  not  exceed 
(MatP=0)-(MatPm>  •  Then  a  constant  moment-resistance  curve 
similar  to  curve  of  figure  2#h*5— 17  with  the  as  some 

average  value  between  MatP-  Oand  Mat  P^  may  be  used  with 
reasonable  accuracy  and  with  an  appreciable  reduction  in  design 
effort# 

(3)  Combined  Bending  and  Axial  Load  -  Elastic  Range 

The  moment-resistance  curve  in  the  elastic  range  will  depend 
on  the  relative  in5)ortance  of  such  factors  as  the  flexural  and  shears 
ing  strains  in  the  column,  the  slip  in  riveted  connections,  and  the 
magnitude  of  the  Joint  rotation# 

b#  Flexure  in  Colimins 


Below  the  yield  point,  the  contribution  of  the  flexural  strain 
to  the  total  deflection  may  be  confuted  by  the  usual  formulae  based 
on  the  elastic  theory#  As  the  elastic  deflection  and  the  elastic 
curvature  are  functions  of  the  moments  along  the  member,  the  moment 
due  to  the  eccentricity  of  the  axial  load  must  also  be  considered# 
However,  if  the  axial  load  is  small  (  fts  P^  ),  the  moment  due  to 
its  eccentricity  will  also  be  small  and  the  effect  on  the  elastic 
curvature  will  be  small# 

c#  Shearing  Strain  in  Columns 

The  deflection  due  to  shearing  stresses  may  also  be  computed  by 
the  usual  fonmilae  for  stresses  within  the  elastic  range#  An  approx¬ 
imate  expression  for  this  conqjonent  of  the  deflection  would  be 


Where 


S5  =  Lateral  deflection  due  to  shear  strain 
H  =  Horizontal  shearing  force 

h  =  The  clear  height  of  the  column 

A  -  Area  of  the  web  (assuming  a  \AF  member) 

Eg  =  The  modulus  of  elasticity  in  shear 


/ 
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As  shown  by  equations  and  C2,  H  is  also  a  furiction  of 

the  moment  and  hence  of  the  axial  load.  If  the  shearing  stresses  in 
the  vicinity  of  the  plastic  hinges  exceed  the  elastic  limit,  the  de¬ 
flection  due  to  shearing  deformations  will  increase.  The  high  stress, 
however,  would  be  confined  to  a  small  length  A  h  and  probably  would  not 
have  much  influence  on  the  total  deflection. 

d.  Slip  in  Joint  and  Connections 

The  slip  and  deformations  in  the  connections  will  depend  to  a 
large  extent  on  the  type  of  beam  to  column  connections  used  in  the 
structure.  Welded  connections  with  adequate  stiffeners  contribute 
very  little  to  the  total  deflection.  Riveted  connections,  on  the 
other  hand,  permit  local  bending  of  the  column  flanges  and  connecting 
material,  extension  of  the  tension  rivets,  and  slip  and  local  distor¬ 
tion  of  the  rivets  in  shear. 

Several  investigations  have  been  made  of  the  deformation  and  slip 
of  riveted  connections  (28) ,(29).  In  view  of  these  test  results,  it 
seems  reasonable  to  assume  a  joint  rotation  of  from  0.001  to  0.003 
radians,  (depending  on  the  depth  of  the  connecting  members)  if  the  web 
stiffeners  and  tension  rivets  are  designed  to  be  elastic.  This  can  be 
only  an  approximate  figure  until  further  tests  more  closely  approach 
the  conditions  met  in  actu^  structures.  Figure  2.J|.5-18  illustrates 
the  difference  in  loading  conditions  in  the  usual  moment  connection 
test  setup,  and  the  conditions  which  will  occur  in  the  test  frames. 


FIG,  2.4.5-18 


In  the  preliminary  studies,  based  on  riveted  Tee  connections, 
it  was  assumed  that  all  joint  rotation  was  elastic*  This  seems  to 
be  a  reasonable  assumption  as  the  actual  M  —  0  diagrams  obtained 


(28)  ”2nd  Report  of  the  Steel  Structures  Research  Conmittee",  Dept» 
of  Scientific  and  Industrial  Research 

(29)  R*  A.  Hechtman  and  B.  G.  Johnston,  "Riveted  Semi-Rigid  Beam-to- 
Column  Building  Connections" 
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by  test  of  similar  moment  connections  (28), (29)  are  of  the  form  shoTO 
in  figure  The  joints,  even  with  unstiffened  column  webs 

and  flanges,  showed  very  high  rigidity  up  to  rivet  stresses  of  approx¬ 
imately  30,000  p.s.i.  Slip  of  the  shear  rivets  appears  to  be  practic¬ 
ally  the  only  factor  causing  non-elastic  behavior  in  this  type  of 
connection  which  cannot  be  neglected* 


FIG.  2.4.5-19 


6.  Flexure  in  Floor  Beams 


The  rotation  of  the  column  ends  due  to  flexural  deformation  of 
the  connecting  floor  girders  could  be  handled  by  rigorous  methods 

of  elastic  analysis*  However,  the  contribution  from  this  source  to  > 

the  total  elastic  deflection  is  very  small  and  it  was  felt  that  such 
an  analysis  was  not  justified* 

This  is  particularly  true  where  concrete  floor  slabs  are  used  ^ 

with  the  steel  girders.  In  this  case  shear  clips  are  used  to  trans¬ 
fer  the  horizontal  loads  from  the  slab  masses  to  the  building  frame 
and  vice  versa*  The  shear  clips  in  turn  create  a  sufficiently  strong 
bond  between  the  floor  slab  and  girder  to  make  them  act  as  a  single 
composite  section.  As  the  girder  itself  must  be  strong  enou^  to 
develop  the  necessary  column  restraint  at  the  connection^  the  compos¬ 
ite  section  away  from  the  connection  will  have  a  very  high  rigidity 
and  the  angular  rotations  of  the  girder  ends  will  be  small* 

It  is  therefore  sufficiently  accurate  to  compute  values  of  the 
0  for  the  various  girders  using  the  maximum  column  moments, 
and  then  assuming  that  the  average  6  (top  and  bottom)  for  any  other 
column  moment  will  vary  directly  as  the  ratio  of  the  actual  moment 
to  the  maximum  moment*  This  consideration,  substantiated  by  compara¬ 
tive  studies,  indicates  that  the  error  caused  by  this  assumption, 
shown  in  figure  2. U. 5-20  is  negligible* 

. . . —  — -  '  . .  1 . . .  .  . . .  ■  —  f 


(28)  "2nd  Report  of  the  Steel  Structures  Research  Committee",  Dept. 
of  Scientific  and  Industrial  Research. 

(29)  R.  A.  Hechtman  and  B.  G.  Johnston,  "Riveted  Slmi -Rigid  Beam-to-  > 

Column  Building  Connections". 
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Assuming 

Ma  =  Mb 

M'a  =  M‘i3 

©a 


M 


b 


FIG.  2.4.5-20 


Referring  to  figure  2,l4*5-20,  the  value  of  9q  and  is 
easily  obtained,  given  the  I  of  the  girder* 


f.  Recpmended  Procedure 


Of  the  numerous  factors  listed  above  as  contributing  to  the 
total  elastic  deflection  of  the  frame,  the  elastic  deflection  of 
-  the  coluinn  is,  in  the  usual  case,  as  great  as  all  the  other  factors 

combined.  For  this  reason  approximations  involving  small  errors  in 
the  other  factors  will  not  materially  effect  the  accuracy  of  the 
analysis*  This  is  particularly  true  T/dien  it  is  remembered  that 
the  elastic  deformation  occurs  only  for  a  relatively  saall  part  of 
*  the  total  movement* 

As  the  corresponding  end  moments  may  be  coD[5)uted  for  any  given 
elastic  deflections,  as  described  above,  and  since  the  yield  point 
moment  Mult  is  ^  function  of  P,  it  is  convenient  to  confute 
the  elastic  deflection  89  for  various  values  of  Mult,  j  a^d 
plot  these  as  a  function  of  P  as  shown  in  figure  2.1i*5-21*  This 
figtire  may  be  an^^lified  to  define  completely  the  resistance  function 
of  a  particular  colximn* 


FIG,  2A5-2I 


Figure  2,U,5-21  shows  the  P-M  and  P-  8e  curves  for  the  sim¬ 
plest  possible  casei  a  column  of  uniform  cross  section  with  equal 
joint  rotation  at  top  and  bottom* 

If  the  column  is  not  of  uniform  cross  section,  the  picture  will 
change*  In  riveted  construction,  for  example^ holes  in  the  flange  at 
the  connection  of  the  column  to  the  girder  may  result  in  a  section 
unsymmetrical  in  action,  either  because  of  a  different  number  of  rivet 
holes  at  either  the  top  or  bottom  ends,  or  because  the  holes  at  one 
end  are  on  the  tension  side  of  the  column  and  at  the  other  end  are  at 
the  compression  side  as  shown  in  figure  2 *1*. 5-22  for  an  exterior  col¬ 
umn* 


FIG.  2.4.5-22 

It  is  assumed  in  this  case  that  compression  in  the  flange  may  > 

be  transmitted  through  the  rivets,  but  that  in  tension  areas  the  area 
of  the  rivet  holes  must  be  deducted  from  the  gross  flange  area*  To 
simplify  the  analysis  it  is  arbitrarily  assumed  that  the  full  cross- 
sectional  area  of  the  hole  should  be  deducted  if  the  theoretical 

neutral  axis  for  the  fully  plastic  condition  passes  through  the  rivet  ^ 

hole*  The  P- M  curve  (axial  load  versus  ultimate  resisting  moment) 
for  a  section  with  rivet  holes  deducted  is  plotted  as  three  straight 
lines  as  shown  in  figure  2*ii*5-23* 


i  c.g  of 
^et  section 


FIG.  2,4.  5-23 


T 
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at  (0)  P  =  Aq*  fy 

irtiere  Aq 

4 

(1)  P  =  An  -  fy 

An 

(2)  P  =  (A^^+Ah)fy 

Aw 

% 

(3)  P  =  (Aw-  Ah)fy 

Ah 

(U)  p  =  0 

In  this  case  the  P-  M 
below  in  figure 

curves  for  top 

=  Gross  area  of  section 

=  Net  area  of  section 

=  Web  area 

=  Area  of  holes 

Allowable  stress  on 
the  section 

and  bottom  are  as  shown 


FIG.  2.4.5-24 

Assuming  equal  rotation  at  top  and  bottom,  the  moments  at  both 
ends  will  be  equal,  up  to  the  time  the  weak  end  yields,  since  the 
rivet  holes  have  a  negligible  effect  on  the  overall  stiffness  of  the 
members  as  shown  in  figure 


0.01  h 


After  the  yield  point  is  reached  at  the  weaker  end,  the  stronger 
end  will  continue  to  pick  up  moment  as  the  deflection  continues  to 


■r 
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increase,  but  at  a  decreased  rate  because  of  reduced  stiffness  due 
to  the  plastic  hinge  at  the  far  end  as  shown  in  figure  2,U»5“26. 


FIG.  2.4.5-26 

For  any  given  value  of  P,  the  variation  of  mMient  with  deflec— 
tion  will  be  as  shown  in  figure  2. It, 5-27. 


DEFLECTION,  8 
FIG.  2.4.5-27 


Figure  2.U.5-28  shows  the  P  -  M  and  P-  8©  curves  for  a 
column  having  holes  deducted  at  one  end  only. 


M,= 


My  It  at  end  of  column 
with  holes. 

M  at  end  of  column  with¬ 
out  holes  correspond¬ 
ing  to  Mult  at  end 
with  holes. 


FIG.  2.4.5-28 


Mult 
8 


In  the  case  of  a  column  with  an  abrupt  change  in  cross-section, 
figure  2. U. 5-29,  the  moments  at  the  ends  will,  of  course,  be  differ¬ 
ent  throughout  the  entire  range  of  action  and  the  P-  M  and  the 
P-  8e  curves  will  consist  of  the  following  curvesj 


i 


i 
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(1) 

^ult. 

at  small  end 

(2) 

M 

at  large  end  corresponding  to  My|f,  at 

(3) 

Mult. 

at  large  end 

(U) 

Se 

corresponding  to  My|f  at  small  end 

(5) 

Se 

corresponding  to  My|f  at  large  end 

The  various  curves  obtained  from  considerations  (1)  to  (5)  and 
the  approximations  given  in  section  2.U*5  C  are  indicated  in  figure 
2.U.^-30, 


FIG.  2.4.5-29 


Further  complication  in  the  analysis  may  be  encountered  if  the 
joint  rotations  at  either  end  are  not  the  same  at  a  given  time#  In 
this  case  the  moments  must  be  made  compatible  with  the  assumed  con¬ 
ditions  as  shown  in  figure  2#U*5-31* 
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g.  Reversal  in  Direction  of  Loading 

It  should  be  noted  that  the  elastic  deflections  plotted  in  the  ^ 

preceding  sections  are  for  the  case  of  a  column  deflecting  continu¬ 
ously  in  the  same  direction*  However,  if  the  end  monents  exceed  the 
yield  point  and  then  reverse  in  sign,  the  reversal,  assuming  a  constant 
P  and  equal  strength  at  the  top  and  bottom  of  the  column,  proceeds  as 
shown  in  figure  2*U*5-'32.  ■ 

If  the  strength  of  the  top  and  the  bottom  of  the  column  differs 
due  to  rivet  holes  or  different  column  strengths  above  and  below  the 
column  splices,  the  action  will  be  more  explicated* 


Ml 

1 

> 

*' /  8  =  Relative  displacement 

^  /  of  the  ends. 

_ _ i 

\  ^ 

> 

y 

y' 

Ml 

FIG.  2,4.5-33 


In  this  case  the  change  in  moment  with  deflection,  figure  2.1i*5-33, 
will  be  similar  at  the  two  ends  until  one  end  reaches  the  yield 
point  (  8  I  ) .  The  moment  at  that  end  will  then  remain  constant 

while  the  moment  at  the  other  end  increases  at  a  decreased  rate  / 

until  that  end  also  reaches  its  yield  point  (  82  )  •  Assuming 

a  constant  value  for  the  axial  stress,  the  resistance  will  then 
remain  constant  until  the  load  is  reversed  (  8  3  )  #  At  this  time 
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both  ends  will  start  rebounding  at  the  same  rate*  If  the  reversed 
displacement  is  continued  the  members  will  again  become  plastic 
but  with  moments  of  opposite  sign. 

The  above  curves  are  dependent  on  the  assumption  of  a  yield 
point  stress  for  the  steel  as  described  in  section  2.1i*l*  Given 
this  value  the  P~M  and  P  -  8©  curves  may  be  plotted  as  described, 
thus  defining,  within  the  limits  of  accuracy  of  the  assumptions  made> 
the  resistance  functions  for  the  columns.  From  these  curves,  given 
the  axial  load  and  the  relative  deflection,  the  ultimate  end  moments 
may  be  determined  and  all  quantities  necessary  for  the  computation 

Mj  -h  Mq-P-S 

of  the  horizontal  resistance,  H  = - r -  ,  are  available* 

n 

2.  Resistance  of  Concrete  Rigid  Frames  to  Loads  Causing 
Lateral  displacement 

A*  General  Behavior 

As  in  the  case  for  steel  frames,  the  resistance  of  the  columns 
to  displacement  of  one  end  relative  to  the  other  end  will  cause 

M T  Mr 

column  shears  of  H  s  — ' — - —  columns  without  axial  load 

h 

or  H  =  Mb — ^  ^  for  columns  with  axial  load, 

h 

b.  Moment  Resisting  Curve 

Using  the  formulae  presented  in  section  2^k*3  G,  the  ultimate 
strength  of  reinforced  concrete  columns  may  be  computed  for  various 
loading  conditions  and  the  curve  of  axial  load  versus  ultimate 
moment  capacity  can  be  drawn  as  shown  in  figure  2.U.5-3i4« 
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For  any  given  value  of  P  »  the  M-Scurve  for  a  column  is  assumed 
to  be  as  in  figure  where  Myit  is*  obtained  from  figure 

2.U.5-3lt. 


FIG.  2.4.5-35 


c»  Moment  Resisting  Curves  -  Elastic  Range 

The  elastic  deflection  of  a  concrete  column,  like  a  steel  column, 
depends  on  the  flexural  deformation  and  shear  distortion  in  the  columns 
and  the  rotation  of  the  ends  due  to  the  elastic  curvature  of  the  girder. 
Monolithic  reinforced  concrete  construction,  unlike  the  riveted  steel 
frame,  does  not  have  Joint  slip,  barring  possible  slip  of  the  bars 
under  hi^  bond  stress. 


The  flexural  defonaation  of  the  concrete  columns  is  computed  on 

cs  ■  kMh^  .  , 

the  basis  of  the  elastic  fonmilae  El  ^  using  n  =  10  for 


the  value  of 


Is 

Ec 


and  a  moment  of  inertia  based  on  the  gross  cross- 


sectional  area  of  the  concrete  plus  the  transformed  area  of  steel* 
This  method  for  confuting  the  mmmt  of  inertia  is  not  exact,  but 
gives  a  reasonably  accurate  approximation  for  the  overall  stiffness 
of  members  carrying  bending  plus  axial  load* 


As  the  coiEputed  displacement  due  to  shear  distortion  in  the  con¬ 
crete  columns  is  small,  it  is  believed  that  this  factor  may  be  omitted 
in  computing  the  total  elastic  deflection*  Where  the  colxunns  are  rela¬ 
tively  short  and  deep,  the  shear  strain  may  be  ^proximated  using  the 
same  formula  as  used  for  the  steel  columns  by  substituting  the  appropri¬ 
ate  value  for  the  shearing  modulus* 


The  contribution  of  the  girder  deformation  to  the  end  rotation  of 
the  columns  may  be  computed  by  the  same  methods  as  used  for  the  steel 
frames*  The  concrete  floors  and  girders  generally  are  stiff er  and 
permit  less  rotation  than  do  the  steel  girders*  The  roof  girder,  in 
particular,  supplies  almost  complete  fixity  to  the  top  of  the  upper 
column. 


f 
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For  columns  having  different  ultimate  moments  at  the  top  and 
bottom,  tno  P-M  curves  (figure  are  required  to  describe 

the  axial  load-bending  moment  relationships. 


If  the  elastic  deflection  is  due  to  flexural  strains  only, 
curves  of  elastic  deflection  are  not  required,  as  it  is  a  simple 
matter  to  compute  a  constant,  C,  for  the  equation  M  =  C  8  and 
compute  the  end  moments  algebraically  for  deflections  within  the 
elastic  range*  The  value  of  C  in  the  formula  above  will  depend 
on  whether  both  ends  are  fixed,  or  one  end  has  already  entered  the 
plastic  region.  This  constant  can  also  be  modified  to  include  the 
effect  of  girder  rotation,  or  an  M-Se  curve  may  be  plotted  as  in 
the  case  of  the  steel  columns*  These  curves  are  shown  in  figure 
2*ii.5.-37. 


The  use  of  these  curves  is  in  every  way  similar  to  the  curves  for 
steel  columns. 


Ill 


3.  Method  of  Design  Analysis  (ifyalls  Not  Participating) 
a*  Single  Story  Frame 

A  single  stoi^  frame  may  be  idealized  as  shown  in  figure 


] 


Roof  Load  DL*^  Blast 


# 


FIG.  2.4.5-38 


(l)  Determination  of  the  Mass 

It  is  assumed  that  the  mass  of  the  roof  plus  one-half  of  the 
total  mass  of  the  Falls  and  columns  are  concentrated  at  the  roof  level. 

!Ehis  is  necessarily  an  approximation,  since  the  wall,  if  hinged  and 

rotating  about  the  bottom,  would  provide  an  equivalent  mass  resisting  the  ^ 

mo'Cion  of  only  one-third  of  the  total  mass.  It  may  be  pertinent  to  note 

that  the  blast  load  itself  has  no  mass,  so  far  as  the  frame  deflection  is 

concerned,  the  inertial  forces  being  dependent  only  on  the  piasses  described 

above .  v 


In  th©  usual  case,  however,  the  mass  of  the  walls  and  the  col¬ 
umns  are  small  compared  to  the  floor  slabs  and  the  error  involved 
is  small.  In  the  particular  instances  i&iere  this  ratio  of  masses 
is  not  true,  th©  more  accurate  mass  distribution  should  be  used* 

(2)  General  Behavior 

Immediately  after  the  impact  of  the  blast  on  the  structure 
the  roof  will  accelerate  horizontally  against  the  inertial  resist¬ 
ance  of  the  roof  mass  and  the  shear  in  the  columns.  The  magnitude 
of  the  resistance  of  the  columns  to  relative  displacement  of  the 
roof  with  respect  to  th©  floor  will  depend  on  the  end  moments  wMch 
are  developed.  These  moments,  as  previously  described,  depend  on 
the  strength  and  stiffness  of  the  column  and  the  connecting  members, 
the  rigidity  of  the  connections,  the  lateral  deflection,  and  the 
rate  of  deformation®  The  acceleration  under  the  unbalanced  blast 
force  and  the  resisting  shear  acting  at  any  instant  will  be  numeric- 
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ally  equal  to  a  =  F/mg  where  a  is  the  acceleration,  me  is  the 

equivalent  mass,  and  F  is  the  net  force.  As  the  value  of  the  net 
unbalanced  force  acting  on  the  frame  is  the  difference  between  the 
blast  load  and  the  frame  resistance,  and  as  these  depend  on  a  num¬ 
ber  of  complicated  factors  which  are  ijnpossible  to  express  accurately 
as  a  simple  function,  the  step-by-step  method  of  analysis  is  the  most 
advantageous  method  of  solution.  This  procedure  consists  primarily 
of  simple  and  rapid  numerical  computations. 

(3)  Detailed  Behavior 

The  detailed  procedure  for  the  analysis  of  a  single  story  frame 
with  self  supporting  walls  is  similar  to  the  analysis  of  wall  panels 
except  for  the  additional  consideration  of  *the  direct  thrust  in  the 
column.  If  the  direct  thrust  or  axial  load  is  small,  its  effect  on 
the  resisting  moment  is  also  small,  and  by  neglecting  the  axial  load 
the  solution  is  identical  with  that  previously  described  for  beams 
and  slabs.  However,  if  the  axial  load  is  not  small,  both  the  value 
of  the  resisting  moments  at  the  top  and  bottom  of  the  coliimn  and  the 
portion  of  the  resisting  moments  required  to  balance  the  deflection 
moments  (  P  -  8  )  will  be  affected. 

The  design  procedure  is  then  as  follows:  At  the  instant  the 
blast  reaches  the  face  of  the  building,  the  velocity  and  the  acceler¬ 
ation  of  the  mass  of  the  building  and  the  displacement  of  the  roof 
is  zero.  After  a  finite  increment  of  time,  t|-  Iq  9  the  frame  will 
have  moved  and  assumed  a  shape  similar  to  that  shown  in  figure 


FIG.  2.4.5-39 

At  this  time,  t  ,  end  moments  exist  in  the  column  as  a  res\ilt  of 
the  relative  lateral  displacement  8 1  ,  and  the  column  shear  resisting 
the  applied  load  is 


For  the  first  time  increment,  t,-  tg  ,  the  average  resistance 
may  be  taken  as  since  the  initial  resistance  is  zero,  and 

the  average  applied  load  as  p  average  acceleration 

is  then  equal  to  Opy - - 
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The  use  of  average  values  introduces  a  small  error  irhich  can 
be  eliminated  by  assuming  a  linear  variation  of  the  acceleration 
during  the  time  interval *(30)  However,  such  accuracy  is  un¬ 

warranted  because  neither  the  loading  nor  the  resistance  is  known 
with  coxTesponding  precision*  Furthermore,  in  the  plastic  state 
which  exists  for  the  greater  part  of  the  time  of  deformation,  the 
resistance  is  very  nearly  uniform  and  the  average  value  for  the  time 
Increment  is  practically  equal  to  the  value  obtained  by  assuming  a 

.  In  the  elastic  range, 
assumes  a  constant  average 
resistance  between  successive  times  may  also  be  Improved  by  reducing 
the  time  interval*  Later  discussion  will  include  studies  in  which 
the  estimated  resistance  is  varied  in  maity  ways*  The  effect  of  var¬ 
ious  assumptions  on  the  total  computed  deformation  will  be  listed 
and  compared* 


straight  line  variation  from  tO 
the  accuracy  of  the  approximation  whicn 


(h)  Detailed  Method  of  Analysis 

Proceeding  on  the  basis  of  average  values ^select  time  stations 

to . tn-i  ,  tn . tf  at  sufficiently  close  intervals  to  accurately 

define  the  applied  blast  pressure  curve  (see  figure  2*U*5-UO)  and 
resistance  function,  assuming  a  straight  line  variation  in  resistance 
and  pressure  in  the  time  interval* 


The  table  of  fig\ire  2*li*5-lil  is  then  set  up  for  ccKnputation  and 
the  average  force,  F  ,  exerted  by  the  blast  pressure  of  figure  2*li.*5-liO 
is  listed  in  column  3  for  each  time  interval.  The  force  F  is  computed 
as  the  wall  reaction  at  the  top. 


(30)  Dr.  N*  M*  Newmark,  ^Plastic  Limit  of  Design  and  Analysis 
of  Building  Frames  for  iB^ulsive  Loads” 
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Chosen  time  Station 


I.  Anolysis  completed  at 


FIG.  2.4,5-41 


The  frame  resistance  (  R  of  Col*  U)  will  be  equal  to  thq 
average  of  the  column  shears,  H  ,  at  the  beginning  and  end  of  each 
time  increment^  H  ,  as  described  previously,  is  dependent  on  the 
deflection,  x  p  and  the  axial  load,  P  ,  at  each  time  station# 

For  each  time  interval  the  value  of  R  for  the  precedir^  station  Is 
Icnown,  but  the  value  for  the  end  of  each  time  increment  must  be 
found  by  successive  approximations*  While  the  first  trial  value  may 
be  obtained  by  assuming  the  same  R  as  obtained  at  the  end  of  the 
preceding  step  and  then  correcting  this  value  in  succeeding  trials, 
convergence  may  be  hastened  if  the  first  trial  value  is  estimated  by 
mental  extrapolation*  In  this  case  the  convergence  is  Tsp±d  and  may 
be  obtained  in  one  or  two  trial  conqputations* 


X 


Having  the  assumed  7?  the  subsequent  steps  are  successively: 

Col.  $  Find  the  net  force,'F  +  ’^  ,  accelerating  the  mass 

Col.  6  Record  the  applied  in^julse  during  the  time  inter¬ 
val  (F+R)  At 


Col.  7 
Col.  8 


Find  the  change  in  velocity  AV 
Add  to  find  the  total  velocity 


(F+R)  At 
m 

at  each  time  period 


Col.  9 


Average  the  preceding  and  final  velocities  to  obtain 
the  average  velocity  for  the  time  interval: 


V  = 


Col.  10 

Col.  11 


Find  the  change  in  displacement  during 

val;  _  . 

AX  =  V  •  At 


the  time  inter- 


Add  the  change  in  displacement  during  the  time  interval 
to  the  preceding  total  displacement  to  find  the  total 
displacement  at  the  end  of  the  step; 


Col.  12  Find  the  axial  load  P  for  each  particular  time  by  add¬ 
ing  the  dead  load  and  the  appropriate  roof  pressure 
load. 


Then,  having  the  displacement  (Col.  11)  computed  for  the  assumed 
resistance  and  the  axial  load  (Col.  12),  and  knowing  the  proper¬ 
ties  of  the  column  as  shown  in  figure  2.  li. 5^*112,  the  resistance 
for  the  computed  displacement  may  be  compared  with  the  tilal 
resistance. 


MOMENT;  DEFLECTION 
FIG,  2.4.5-42 
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If  the  displacement,  Xn  »  is  less  than  the  yield  point  deflec¬ 
tion,  8e  >  the  moment  in  the  column  at  time  tp  will  be; 

''^act  =  “I"  ■  '^yp 

and 

Mfnn  +  -  PX 


assunin 


ning  straight  line  variation  of  R  ,  the  average  R  for  the 


time  Atp.,  to  Atp  T/ill  be: 


The  computed  value  of  Rq^^  is  then  compared  with  the  assumed 
value.  If  the  two  values  of  resistance  are  not  identical  a  new 
is  assumed  for  a  second  trial. 


calculated  from  Xp,  Trial 


R 

cn  ^n-i 


Rp  ,  calculated  from  Trial  2 

Rave,  calculated  from  Xp,  Trial 
Rave,  assumed  for  Trial  2 

Rave,  assumed  for  Trial  I 


TIME 

FIG.  2.4.5-43 
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By  this  process,  R  may  be  determined  within  the  desired  pre- 
ci3ion>  and  the  next  time  increment  may  be  analyzed  in  a  similar  manner . 
The  process  is  repeated  until  the  frame  finally  comes  to  rest  as  indi¬ 
cated  by  a  velocity  of  zero  in  Column  8  of  the  computation  table,  or 
until  the  frame  fails,  as  indicated  by  deformations  exceeding  the 
criteria  for  failure* 

After  the  deflection  proceeds  further  the  columns  become  plastic, 
the  moments  at  the  column  ends  will  vary  with  changes  in  the  axial 
loads*  The  shear  resistance  will  remain  a  function  of  both  M  and 
P  •  8  .  The  plot  of  the  several  typical  curves  of  such  an  analysis 

will  take  the  general  form  shown  in  figure  2nh*S^hk 


As  mentioned  previously,  the  method  presupposes  that  the  elastic 
strain  of  the  girders  and  column-girder  connections  respectively  are 
proportional  to  the  stresses*  The  error  due  to  neglecting  the  elastic 
redistribution  of  the  moments  is  negligible  as  the  deflection  caused 
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hj  top  elastic  end  rotation  differences  in  a  factor  is  only  a  small 
part  of  final  movement.  After  the  columns  develop  full  plastic  re¬ 
sistance  the  girder  rotation  remains  constant  and  need  no  longer  be 
considered. 

b.  Multi-Story  Frame 

(1)  General  Description 

As  shomi  in  figure  2.U.5-U5  a  three  story  frame  may  be  idealized 
in  the  same  manner  as  the  one  story  frame  discussed  above. 


Roof  Blast  •♦•p.L 

1—  i  t'  ){  J  J'  ~  J  . J 


^|cmT 

x:|cvi 


:|ojT 


o 

CD 


O 

a> 

cr 


FIG.  2.4.5-“45 

The  mass  m  for  each  floor  level  is  assumed  to  include  the  weight 
of  the  floor  slab  and  supporting  beams,  the  rigidly  attached  live  load, 
and  the  weight  of  walls  and  columns  extending  one-half  the  story  height 

and  one-half  the  clear  column  height  respectively,  above  and  below 

the  floor. 


The  error  involved  in  the  above  approximation  is  usually  small,  as 
the  columns  are  only  a  small  part  of  the  total  mass.  Vlfhere  the  columns 
compose  a  substantial  part  of  the  total  mass,  the  portion  of  the  column 
mass  to  be  allotted  to  each  floor  may  be  obtained  in  the  same  manner  as 
is  described  for  the  walls  for  the  single  story  frame.  The  above  dis¬ 
cussion  also  applies  to  the  wall  mass. 

The  applied  forces  and  at  the  various  floor  levels 

are  each  the  algebraic  sum  of  front  and  rear  wall  reactions  due  to 
the  blast  pressure. 

The  coliimn  loads,  P  ,are  calculated  from  the  dead  weight  and  the 
blast  pressure  at  any  time,  and  the  girder  shears. 
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As  the  frame  deflects  under  the  blast  load,  the  pattern  of  this 
deflection  will  be  generally  as  shown  in  figure 


FIG.  2.4,5“46 

Because  the  mass  of  the  roof  is  approximately  equal  to  the  mass 
of  the  third  floor  while  the  blast  load  reaction  at  the  roof  level  is 
one-half  or  less  of  the  blast  load  on  the  third  floor,  the  acceleration 
of  the  roof  will  be  lower  than  that  of  the  third  floor*  The  roof  will 
then  tend  to  oppose  the  movafiient  of  the  third  floor  during  the  early 
stages  of  motion*  This  tendency  is  also  helped  by  the  rapid  drop  in 

pressure  for  the  top  story  as  shown  by  the  pressure— time  curves,  ^ 

Appendix  I* 

(2)  General  Design  Procedure 

The  analysis,  or  rather  synthesis  of  this  action  proceeds  similarly  ^ 

to  that  of  the  single  story  frame  in  that  each  story  is  analyzed  as  a 
single  unit  during  each  time  increment*  In  the  three -story  frame,  how¬ 
ever,  the  relative  motions  of  the  floor  masses  must  be  made  consistent 
in  each  time  interval  before  proceeding  to  the  next  time  increment* 

Thus  at  time  to  ,  all  column  shears  are  0  ,  and 


°ro 


at  time  t, 

_  *^31  ■*■^3 1  *^2,  ■'■Raj 

°r,  "  mr  »  "  m3  '  °2,  "  mg 

etc. 


w 
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At  any  given  time,  such  as  ^2  example,  the  displacement  and 

shears  for  the  ideal  structure  are  as  shown  in  figure  2. U *5-117 • 

M 


The  analysis  of  each  floor  will  not  differ  in  method  from  the  analysis 
of  the  one-story  frame  except  that  there' are  more  elements,  and  hence 
the  bookkeeping  Involved  in  the  analysis  is  more  complicated.  An  out¬ 
line  of  the  form  of  computation  adopted  is  shown  in  figure  2.U*5-U8. 

Note  that  a  separate  form  is  used  for  each  floor,  and  that  a  formal 
sign  convention  is  employed,  although  this  sign  convention  may  be 
changed  to  suit  the  computer*  As  used  here,  the  columns  are  designated 
as  to  the  floor  they  support,  and  signs  for  the  resistances  of  the  col¬ 
umns  are  assigned  in  accordance  with  the  sense  of  the  shear  on  the  floor 
supported  by  the  column;  thus  in  figure  2.li*5-U7 


fr  is  + 

I3  is  - 

is  — 
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The  forces  acting  on  the  roof  mass 


are  F,.  ft  R|- 


It  n  n  If  H  It  "  **  ^3 »  ^3  &  *T 

If  w  It  It  It  H  «  ^  Fg  ^^2  ®  ^3 

Where  R  represents  the  net  shear  from  the  colixmns  above  and  below 
the  particular  floors,  the  method  of  combining  these  forces  in  all  com¬ 
putations  is  as  follows: 

R  s  r  since  no  other  column  shears  act  at  this  level 

r^r 

^2~  ^2~  h 

At  time  ^2  sign  of  the  next  shears  will  be 


R3  =  fj-  =  (-)-(+) 

R2  =  *^2  “  I3  =  (“)"{-) 

This  system  of  sign  convention  was  adopted  so  that  only  one  sign 
need  be  assigned  to  a  column  shear  (resistance),  and  is  esqplained  here 
so  that  subsequent  numerical  computations  may  be  easily  followed. 


The  tabular  form  adopted  for  the  three-story  frame  analysis  is 
shown  in  the  table  of  figure  2*U.5-U8.  A  similar  table  is  set  up  for 
each  floor  mass. 
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Total  Average^ Calculated  Resistance 
During  a  t  =  r-rg 


Average  Resistance  Of  Columns 
Supporting  Floor  Above 

T”  "4"  r 

Average  Resistance  =  ^ 

Calculated  Resistance  Of  Columns 
Supporting  This  Floor 

XaXij-  ax  =  Total  Deflection  Of 
Floor  Below  Relative  To  This  Floor 

Deflection  Of  Floor  Below  Relative 

To  This  Floor  During  At 

Deflection  Of  Floor  Below  During 

Time  Interval 

Xn=  Xn-i-h  AX 

AX  =  v"-  At 

Vn-i+-Vn 

^  ~  Z 

Vn=  Vn-i  +  .AV 

t> 

< 

3  H 

Impulse  =  (F  +  R)  At 

Net  Translational  Force 

Assumed  Averoge  Resistance 

For  At 

Averoge  Lood  For  At 

Time  Increment 

Chosen  Time  Stotions 

FIG.  2.4.  5-48 
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nalysis  completed  at 


The  analysis  may  proceed  as  follows: 

Column  1  List  the  time  stations  . fp.,  ,  tp . t^jppl 

2  Indicate  the  time  intervals  being  used,  At  =  tp-  tp.j 

3  Enter  the  average  blast  force  F  for  each  increment 
of  time 

U  Assume  an  average  resistance,  R  ,  for  the  given 
time  increment  9 

5  Compute  the  net  force  acting  on  the  floor  mass  as 
the  algebraic  sum  F+R 

6  Compute  the  impulse  transmitted  to  the  floor  mass 
during  the  time  interval  as  I  =(T^+R)At 

7  The  change  in  velocity  during  the  time  interval  is 
the  impulse  divided  by  the  mass  or  aV  =  "jipp  • 


8 

9 

10 


Compute  the  velocity  of  the  floor  mass  at  the  end 
of  the  time  Interval  as  Vp  =  Vp.j+  AV 


Compute  the  average  velocity,  V 
interval  as  — 


during  the  time 


AX  ,  J>he  displacement  during  the  given  time  inter¬ 
val  -  VAt 


11  and  the  total  displacement  at  the  end  of  the  given 
time  interval  Xp-  Xp^j+  aX 

This  much  of  the  operation  is  completed  individually  for  each  floor* 

The  following  steps  are  required  to  make  the  displacements  of  the  various 
stories  compatible  with  each  other.  Then  during  this  time  (see  figure  2.1*.5-li9) 

12  Let  AX'  ,  figure  represent  the  displacement  of 

any  given  floor  in  the  time  interval  being  considered  and 
let  AXi)  represent  the  corresponding  displacement  of  the 
floor  below*  Deflection  in  the  direction  of  the  blast 
will  be  taken  as  positive* 


Floor  under 
Consideration 

Blast 


/ 


FIG.2. 4.5-49 
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13  &  lU  The  change  in  relative  displacement  of  the  two  floor  masses 
(causing  column  shear)  -  ax  is  computed  in  column  13* 

^  The  sign  of  the  difference,  AXjj-  AX  and  of  2(aXjj— AX) 

column  Ih,  automatically  assigns  the  proper  sign  to  the  re¬ 
sistance  r  for  the  floor  under  consideration* 

•  l5  Once  the  Z  of  relative  deflections  of  the  columns  are  ob¬ 

tained,  r2  ,  and  r,-  can  be  determined  for  any  time,  tn  > 
as  described  previously* 

16  Compute  the  average  resistance  of  the  columns  below  as 

—  - 

^  ’  2 

17  Ta  is  the  average  resistance  of  the  coliimns  above  with 

sign  unchanged* 

The  net  average  resisting  force  on  this  floor  during  the  time  interval 
is  the  algebraic  difference  of  the  average  resistances  of  the  columns  above 
and  below  the  floor  or  _  _ 

^calc»  "  r  ““  Tq 

■When  this  operation  is  completed  for  all  three  floors,  the  calculated 
resistances  are  compared  with  those  assumed  for  the  first  trial#  If  the 
^  assumed  values  differ  from  those  given  by  the  resistance  function  for  the 

computed  deflections,  new  resistances  are  selected  and  the  operation  re¬ 
peated  as  many  times  as  is  necessary  to  produce  satisfactory  agreement 
between  the  assumed  and  the  calculated  resistance  for  each  floor#  When 
^  this  is  accomplished,  the  analysis  is  complete  for  that  time  interval,  and 

the  computation  proceeds  to  the  next  interval*  This  process  continues  un¬ 
til  the  frame  comes  to  rest. 

This  particular  frame  analysis  can  be  performed  in  from  12  to  20  hours, 
once  preliminary  computations  are  completed,  and  can  be  regarded  as  a  prac¬ 
tical  analytical  procedure#  The  time  required  is  not  greatly  in  excess  of 
that  required  for  a  complete  elastic  analysis  of  a  similar  three-stoiy, 
three-bay  frame  * 

(5)  Effect  of  Details  of  Construction 


The  analysis  for  the  three-story  frame,  as  well  as  the  analysis  of 
one-stoiy  frames,  is  influenced  very  much  by  the  following  details  of  con¬ 
struction  of  the  building: 

(a)  Wall  panels 

As  these  walls  must  be  made  discontinuous  at  each  floor  level  to 
eliminate  their  participation  in  the  lateral  resistance  of  the  flames, 
the  blast  loads  transmitted  to  the  frame  will  be  sinple  beam  reactions# 
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As  discussed  in  Section  2.3*5,  period  of  vibration  of  low  mass  wall 
panels  acting  in  the  elastic  range  is  so  short  relative  to  the  period 
of  the  frames  themselves  that  the  effective  impulse  delivered  to  the 
frame  is  approximately  the  same  in  intensity  and  duration  as  the  impulse 
on  the  panel.  If  the  panel  is  designed  to  act  in  the  plastic  range,  its 
reaction  curve  will  be  of  the  form  shown  in  figure  2*ii#5-50  which  may 
again  be  closely  approximated  by  use  of  the  blast  pressure  curve. 


Since  the  reactions  of  the  non-participating  wall  panels  are  not  com¬ 
plicated  by  continuity  of  the  panels,  the  front  and  rear  wall  panel 
loads  may  be  combined  algebraically  and  hence  the  load  to  the  frame  is 
of  the  same  general  shape  as,  and  can  be  plotted  or  tabulated  directly 
from  the  translational  force  curves,  discussed  in  Section  2.  The  curves 
generally  are  of  the  shape  shown  in  figure  2#ii.5“5l* 
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This  panel  behavior  is  typical  of  the  action  of  the  steel  wall  panels* 
The  effect  of  slow-moving,  high-^ass  wall  panels  will  be  described  in 
Section  2.I4..5  C(8)* 

(b)  Roof  Panels 


The  roof  panels  are  all  relatively  massive  and  should  be  designed 
to  resist  the  loads  plastically.  Their  load,  resistance,  and  reaction 
curves  are  generally  of  the  form  shown  in  figure  2. U* 5-5 2* 


4 


Roof  Load  =  Blast  +  D  L  =  Wt 
Slab  Resistance,  Wr 


Total  Reaction  =  Wo  -f 


(Wt-Wr) 


TIME 


FIG.  2.4.5-52 


Since  the  load  transmitted  to  the  columns  is  a  function  of  the 
roof  slab  resistance,  it  is  possible  to  control  the  magnitude  of  col¬ 
umn  loads  to  some  extent.  By  using  relatively  heavy  roof  slabs,  with 
small  percentages  of  steel  instead  of  lighter  panels  which  require 
more  steel,  the  rate  of  slab  deformation  is  lowered  and  thus  a  smaller 
plastic  resistance  will  be  needed.  This  artifice  results  in  lower 
peak  axial  loads  acting  for  a  somewhat  longer  time. 

The  roof  girders,  receiving  the  roof  panel  reactions,  are  de¬ 
signed  to  remain  within  the  elastic  range.  Because  of  their  short 
natural  period  of  vibration  the  reactions  to  the  columns  may  be  con¬ 
sidered  as  similar  to  the  slab  reactions. 
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(c)  Effect  of  Traveling  fioof  Load  on  Columns 


FIG.2.4.5-53 


Figure  2. 5-53  illustrates  the  variation  of  roof  loads  iirith 
time.  It  is  apparent  that  this  variation  of  load  on  the  elastic 
roof  girder  could  induce  large  and  rapidly  changing  moments  and 
shears  in  the  columns  which  are  independent  of  the  lateral  deflec¬ 
tion  of  the  frame.  Since  an  elapsed  time  of  approximately  0.03 
seconds  is  required  for  the  pressure  wave  to  reach  the  rear  edge 
and  as  this  represents  a  considerable  increment  of  time  in  the 
frame  analysis j  it  seemed  possible  that  an  appreciable  error  might 
be  introduced  if  this  effect  were  not  accounted  for.  An  investi¬ 
gation  made  for  the  pxirpose  of  evaluating  the  magnitude  of  the 
error  involved  indicated  that  its  effect  on  the  analysis  was  negli¬ 
gible. 

However,  for  the  design  of  the  frames  described  in  later  sec¬ 
tions,  the  variable  roof  load  was  included  for  computation  of  column 
loads  because  the  final  pressxire  curves  indicated  a  considerable 
variation  in  the  shape,  intensity,  and  duration  of  the  pressure  curve 
at  various  points  along  the  roof. 

As  noted  in  the  discussion  of  single-story  frames,  comparative 
studies  were  made  to  determine  the  error  introduced  by  the  assump¬ 
tion  that  the  girders  are  infinitely  stiff  as  compared  to  the  columns. 
This  comparison  cannot  be  generalized  to  cover  all  cases,  but  where 
the  ratio  of  column  stiffness  to  the  girder  stiffness  is  similar 
to  that  in  the  test  structiures,  this  assumption  has  no  signifi¬ 
cant  effect  on  the  accuracy  of  the  analysis. 


128 


However,  the  importance  of  a  rapid  development  of  the  column  resistance 
can  best  be  illustrated  by  the  consideration  of  a  single-story  frame  as 
follows: 

The  characteristic  velocity  curve  for  the  roof  of  a  single -story  frame 
is  as  shown  in  figure 


¥ 


4 


4 


FIG.2A5-54 

Curve  1  of  figure  shows  the  velocity  of  the  roof  mass  of  a 

frame  having  any  given  resistance  to  lateral  displacement* 

Curve  2  illustrates  the  velocity  curve  of  the  same  roof  mass  tinder  the 
same  applied  load  and  with  the  same  final  frame  resistance  except  that  the 
resistance  of  the  frame  of  curve  2  is  developed  earlier  than  for  the  frame 
of  curve  1*  The  difference  in  total  displacement  is  represented  by  the 
shaded  area  between  the  two  curves* 

It  is  apparent  that  the  most  effective  resistance  is  the  one  applied 
the  soonest  and  to  accomplish  this  the  girders  and  column-girder  connec¬ 
tions  should  be  as  stiff  as  practicable* 

(6)  Summary  of  the  Detailed  Multi-Story  Design  Procedure 

(a)  Walls:  In  order  to  obtain  the  lateral  and  vertical  loads  on 
tfie^rames ,  the  wall  and  roof  panels  are  designed  prior  to 
design  of  the  frame 65  the  panel  action  being  quite  independent 
of  the  frame  action*  The  design  procedure  for  these  members 

is  outlined  in  Section  2*5 •I* 

(b)  Roof  Girders:  The  preliminary  size  of  the  roof  girders  can  be 
obtained  without  regard  to  column  moments,  since  the  relative 
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frame  and  roof  loading  are  such  that  the  moments  in  the  girders 
due  to  roof  load  almost  completely  control  their  design.  In  the 
design  the  girder  size  may  be  tentatively  established  on  the  basis 
of  the  roof  load  only.  This  girder  is  then  checked  for  adequacy 
against  the  added  loads  obtained  from  the  frame  analysis. 

(c)  Floor  Girders;  In  frames  similar  to  those  in  Sections  2,3,5  and 
6  of  the  test  structure,  the  design  of  the  floor  girders  is 
almost  completely  controlled  by  the  coliunn  moments.  Preliminary 
sizes  are  assumed  on  the  basis  of  predicted  column  moments;  these 
sizes  are  later  revised  as  required  by  actual  column  moments. 

This  revision  usually  will  not  affect  the  frame  analysis  since 
the  column  moments  may  be  foreseen  fairly  accurately.  It  should 
be  noted  that,  for  riveted  construction,  the  details  of  the 
column  to  girder  splice  may  control  both  column  and  girder  size, 
will  surely  influence  both,  and  should  be  carefVlly  investigated 
before  the  frame  analysis  is  begun. 

(d)  Columns :  The  basis  for  the  pieliminary  selection  of  column  sizes 
is  discussed  in  detail  in  Section  2.1; .5-D.  The  suitability  of 
these  choices  must  then  be  checked  by  a  step-by-step  frame  anal¬ 
ysis  in  item  (f). 

(e)  Preliminary  Computations  for  Frame  Analysis: 

(1)  Prepare  P-M  and  P—8  curves  for  columns 

(2)  Tabulate  wall  panel  reactions 

(3)  Tabulate  the  column  loads 
(k)  Compute  story  masses 

(f )  Frame  Analysis;  Proceed  with  the  frame  anal is  as  described  in 
'Section  2.5»3-B. 

k*  Method  of  Design  Analysis  (Walls  Participating) 
a  Resistance  Functions  -  Frames 


> 


The  addition  of  continuous  walls  which  are  connected  to  and  are 
either  restrained  or  unrestrained  by  the  floor  slabs  and  which  help 
thereby  to  resist  the  horizontal  displacement  of  the  frame,  in  no  way 
change  the  resistance  function  of  the  frame  proper.  The  earlier  dis¬ 
cussion  of  column  resistances  and  frame  action  is  not  modified  by  the 
action  of  the  wall,  and  the  frame  analysis  remains  fundamentally  the 
same*  However,  the  analysis  of  the  action  and  effect  of  the  wall 
itself  necessitates  modification  of  the  design  procedure. 

c* 

b  Resistance  Function  of  the  Wall 

Walls  of  the  type  used  in  the  test  structure  are  supported  by 
hinge-type  joints  at  the  intermediate  floor  levels,  are  restrained  r 
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at  the  lovfer  end  and  are  fixed  to  some  degree  at  the  top,  depending 
on  the  relative  rigidity  of  the  wall  and  roof  systems •  It  is  conven¬ 
ient  to  consider  their  action  separately  from  the  action  of  the  frame. 
^  The  reaction  at  each  support  is  the  frame  load.  These  reactions,  due 

to  blast  pressure  and  to  relative  deflection  of  the  floo3rs,  are  com¬ 
puted  on  the  assumption  of  continuity  in  each  time  interval. 

A  deviation  from  this  type  of  multi-story  construction  may  be 
^  made  by  restraining  the  wall  at  each  floor  level  with  spandrel  beams 

or  floor  slabs  as  shown  in  figure  The  walls  and  columns 

can  then  be  treated  as  integral  parts  of  the  resistance  function. 


Exterior  columns  were  used  in  the  test  structures  and  thus  the 
walls  support  no  appreciable  vertical  live  load-  When  the  walls  are 
fixed  at  each  floor  level,  exterior  columns  may  be  omitted  and  the 
walls  must  then  support  a  portion  of  the  roof  load* 

c  Description  of  Participating  Wall  Behavior 

(1)  General  Behavior  of  the  Wall  of  a  Single  Story  Frame 

Since  the  single  sftory  frame  with  participating  walls  is 
the  simplest  in  behavior,  this  type  will  be  described  first. 


FIG.2.4.5-56 
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It  is  obviously  advantageous  to  have  the  wall  panels  restrained  at 

top  and  bottom,  rather  than  simply  supported,  because  of  the  gain  in  ^ 

resistance  to  horizontal  blast  load.  Furthermore  for  some  types  of 
construction  materials,  such  as  reinforced  concrete,  this  restraint 
may  be  obtained  with  practically  no  added  cost.  Figure  2.U*5-56 
illustrates  that,  apart  from  the  additional  effect  of  the  local  blast 
load,  the  walls  of  a  single-story  frame  will  act  in  exactly  the  same  ^ 

manner  as  columns  if  the  top  end  is  restrained  by  the  roof  slab  when 
the  frame  deflects  horizontally.  The  wall  thickness  should  be  ap¬ 
proximately  1  foot  as  a  matter  of  practical  construction#  Since  the 
columns  themselves  may  only  be  from  12  to  20  inches  square,  the  re¬ 
sistance  of  the  wall  to  horizontal  deflection  will  usually  exceed  the 
combined  resistances  of  the  columns  even  if  the  walls  develop  resist¬ 
ing  moments  at  the  bottom  only.  In  view  of  this  added  strength,  the 
economy  of  allowing  the  walls  to  participate  is  obvious.  The  design, 
analysis  and  construction  of  the  single-story  frame  are  but  little, 
if  at  all,  complicated  by  this  action. 

(2)  General  Behavior  of  Multi«"^tory  Walls 

In  the  case  of  multi-story  frames,  the  action  of  the  partici¬ 
pating  walls,  apart  from  their  function  of  resisting  the  blast  loads 
by  flexure  between  floor  levels,  is  somewhat  more  con^lex.  The  fol¬ 
lowing  description  is  concerned  with  continuous  walls  which  are  fixed 
at  the  upper  and  lower  ends  and  rest  on  yielding  supports  at  each 
floor  level. 

Diagrammatic  ally  the  wall  is  shown  in  figure  2.1i.5-57» 


FIG.  2.4.5-57 

The  frame  deflection  due  to  horizontal  blast  pressure  will 
still  follow  the  sequence  shown  in  figure  2.i|#5-U6  and  the  action  of 
the  wall,  exclusive  of  blast  load  on  it,  will  be  that  of  a  contin¬ 
uous  beam  on  yielding  supports*  The  wall  will  be  forced  into  the 
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configuration  of  the  frame  producing  reactions  on  the  frame  due  to 
deflection  only  which  are  similar  to  the  forces  shown  in  figure 


So  long  as  the  wall  is  elastic,  these  reactions  may  be  computed 
if  the  relative  deflections  of  the  various  floors  are  known  by  treat¬ 
ing  the  wall  as  a  continuous  beam.  The  relative  deflections  of  the 
floors  are  determined  in  the  frame  analysis  and  are  also  used  for  the 
computation  of  column  shears.  It  is  evident  that  the  frame  deflec¬ 
tions  determined  for  each  time  interval  are  a  function  of  the  wall 
reactions  as  well  as  the  column  shears. 

The  wall  will  eventually  undergo  such  large  deformations  that 
plastic  moments  ^n±11  develop  at  various  points.  The  analysis  of 
the  wall  must  be  compatible  with  such  plastic  action. 

(3)  Detailed  Behavior  of  the  Rear  Wall 


The  process  of  analyzing  the  rear  wall  is  done  in  conjunction 
with  the  frame  analysis  since  the  resistance  of  both  the  frame  and 
wall  are  functions  of  the  same  deflection  and  are  combined  to  give 
the  total  resistance. 

At  time  Iq  all  wall  reactions  will  be  zero.  During  the  first 
time  interval, Ato^i  •  the  wall  will  move  into  the  position  shown 

in  figure  2.U.5-5B.  At  time  t,  the  relative  deflections  of  the 
supports  are  taken  from  the  frame  analysis^and,  knowing  the  elastic 
stiffness  of  the  wall,  the  moments  in  the  wall  are  determined.  These 
moments  plus  the  blast  load  will  determine  the  wall  reactions  at 
time  t,  .  These  are  then  tabulated,  and  considered  as  part  of  the 
total  load  transmitted  to  the  frame. 

In  the  Second  time  interval,  At|^2  ,  the  floors  move 

through  an  additional  displacement.  Ax  ,  and  the  changes  in 
relative  deflections  a8  of  the  floors  during  this  time  inter¬ 
val  are  then  determined  as  shown  in  figure  2.U.5-59. 


^0  ^2 


a8r=  SKax^-  aXj,) 

A  83=  ^(AXg-  AX3  ) 

A82  =  —  (  AX2 ) 

FIG.  2.  4.  5- 59 


These  changes  in  relative  deflections  for  the  time,  A  tj^2  9  used 
again  to  determine  fixed-end  moments  for  the  walls  which  are  then 
distributed  and  tabulated  as  the  change  in  moment,  aM  ,  occurr¬ 
ing  during  the  time  increment  from  tj  ,  to  ♦  The 

quantities,  aM  ,  developed  during  At|_^2  at  each  support  are 
then  added  to  the  moment,  M|  ,  determined  in  the  preceding  step 
for  time  t|  ,  thus  providing  the  total  moment  M2  at  the 
time  ^2  • 

During  some  time  interval,  the  blast  pressure  begins  to  act  on 
the  rear  wall*  To  include  the  effect  of  this  local  pressure  on  the 
wall,  the  difference  in  wall  loads  at  the  beginning  and  end  of  the 

interval,  are  computed  for  each  panel,  and  fixed-end  moments  are  ^ 

determined  for  these  loads.  The  fixed-end  moments  due  to  the  local 

wall  load,  and  the  relative  deflection  during  the  time  interval,  are 

combined  and  the  total  change  in  fixed-end  moment  is  distributed  to 

give  the  actual  change  in  moment  at  each  support.  The  necessity  for 

working  with  increments  of  load  and  relative  displacement  is  apparent 

when  the  wall  begins  to  yield  at  any  of  the  supports. 

If  the  wall  is  entirely  elastic  at  the  time,  tn  ,  but  the  yield 
point  is  exceeded  at  a  support  at  the  time,  tn+ 1  ,  the  above  pro¬ 
cedure  must  be  modified.  The  change  in  moments  for  the  time  interval 
are  determined  for  the  elastic  condition  and  the  moments  Mp-hi  jare 
compared  with  the  yield  point  moment  at  each  respective  support*  At 
any  support  which  has  yielded,  the  part  of  the  moment  which  is  in 
excess  of  the  yield  point  moment  is  redistributed.  That  is,  after  the 
wall  reaches  its  yield  value  at  any  point,  it  is  considered  hinged  at 
this  point  for  additional  moments  of  the  same  sign,  but  is  considered 

continuous  and  elastic  under  the  application  of  moments  of  the  op-  ^ 

posite  sign.  This  procedure  is  based  on  the  assumption  that  moments 
will  reverse  as  shown  in  figure  2.U.5-60. 
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(k)  Effect  of  Plastic  Hinges  Between  Supports 

It  should  be  noted  that  during  the  frame  analysis  the  pos- 
Bibility  of  plastic  hinges  between  supports  was  neglected^  This 
condition  may  be  analyzed  after  and  separately  from  the  frame 
analysis#  The  reasons  for  this  procedure  are  that  (1)  yielding 
"  between  supports  occurs  only  under  special  conditions  of  loading 

and  usually  lasts  for  extremely  short  durations  of  time  and  (2) 
this  phenomenon  affects  the  motion  of  the  wall  for  only  a  very 
short  interval  of  time# 

4 

Despite  the  rapid  rates  of  loading  experienced  by  the  walls, 
a  corresponding  increase  in  strength  was  neglected  because  no  def¬ 
inite  information  is  available  concerning  the  effects  of  moment 
reversal  after  large  plastic  strains  such  as  are  developed  by  the 
wall  in  local  bending  under  the  initial  blast  loads#  For  this 
reason,  and  in  view  of  statements  (1)  and  (2)  above,  it  is  felt  that 
errors  introduced  by  assuming  the  walls  yield  only  at  the  supports 
have  no  appreciable  effect  on  the  degree  of  accuracy  of  the  analy¬ 
sis# 

(5)  Effect  of  Simultaneous  Plastic  Yield  at  More  than  One  Support 

If  yielding  occurs  at  both  intermediate  supports  in  the  same 
time  interval,  it  is  necessary,  for  practical  reasons,  to  use  an 
additional  approximation  concerning  wall  action#  The  excess  moment 
at  the  support  which  has  yielded  the  most  is  distributed  first# 

4  Then,  if  a  moment  greater  than  the  elastic  yield  pointHnoment  still 

exists  at  another  support,  the  excess  is  redistributed,  assuming 
that  the  support  which  yielded  first  is  hinged,  regardless  of  the 
sign  of  the  moment  carried  to  it.  It  is  apparent  that  the  moments 
,,  at  the  supports  in  question  must  be  very  near  the  yield  point  values 
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Bnd  therefore  no  great  error  is  mde  in  the  final  moments  by  this 
procedure.  The  problem  may  be  avoided  by  decreasing  the  time  inter¬ 
val  so  that  the  yield  point  moment  is  reached  at  only  one  support 
during  any  time  interval. 

(6)  Detailed  Behavior  of  the  Front  Wall 

In  the  case  of  the  front  wall,  which  is  plastic  almost  in^ 
stantly  because  it  resists  the  horizontal  blast  load,  the  procedure 
for  wall  analysis  is  similar  to  that  for  the  rear  wall  except  for 
the  initial  effects  of  local  bending.  In  accordance  with  the  wall 
resistance  function  shown  in  figure  2.U*5*-6l5  It  is  assumed  that 
plastic  resistance  for  all  three  wall  panels  stops  at  the  same  time, 
this  time  beii^  the  average  value  of  for  the  three  panels.  The 

wall  reactions  W  to  the  average  time,  ,  are  pro¬ 

portioned  with  regard  to  the  value  of  the  plastic  moments  at  each 
s  v^port . 
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FIG.  2.4.5-61 

It  was  found  from  the  panel  and  frame  analyses  that  the  blast 
pressure  panel  rotations  at  the  supports  are  large  cos^aied  to  the 
rotations  caused  by  frame  deflection.  Thus  the  frame  deflection 
has  little  effect  on  the  wall  panel  moments  during  this  time.  After 
the  assumed  time  at  which  the  panel  stops  moving,  the  values  of  the 
moments  at  the  supports  are  rediiced  from  their  dynamic  to  their  sta¬ 
tic  strength  values.  When  the  dynamic  plastic  resistance  of  the 
front  wall  ceases,  this  member  is  treated  in  a  manner  similar  to  the 
rear  wall. 


The  seemingly  arbitrary  change  from  increased  strength  under 
dynamic  loading  for  the  local  blast  loads  to  static  load  strength  for 
the  later  loads  seems  to  be  the  best  procedure  that  can  be  Jxxstified 
by  the  limited  quantity  of  stress-strain  data  which  is  available  for 
materials  under  dynamic  loads. 
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5  •  General  Method  of  Analysia 


The  general  form  of  computation  for  the  analysis  of  frames  with 
participating  walls  is  shown  in  figure  Up  to  columns  19 

and  20  the  procedure  is  the  same  as  outlined  for  the  frame  with  non¬ 
participating  walls  (Section  2*U«5-C3)o 

Upon  determination  of  the  frame  deflection  due  to  assumed  frame 
loads  it  is  neces^iy  to  compute  the  actual  average  wall  reaction  at 
each  floor  level,  F  ,  as  well  as  coliimn  resistance  in  each  story, 

R  •  The  wail  reactions  are  now  functions  of  frame  deflection  as 
well  as  blast  pressure.  For  each  floor  level  the  average  value  of 
the  wail  reaction  is^ntered  in  column  19  o  The  actual  average  net 
translational  force,  F+R  which  is  entered  in  column  20  for  each 
floor  level  is  then  compared  with  the  assumed  values  in  column  5* 

If  these  values  do  not  show  adequate  agreement  this  process  is  re- 
peated*  When  the  assumed  and  calculated  values  agree  within  the 
desired  precision,  the  analysis  may  proceed  to  the  next  time  inter¬ 
val. 


For  time  intervals  of  the  magnitude,  At  -  0.025  seconds >  the 
convergence  between  assumed  and  calculated  values  of  F  +  R  for  loads 
and  frames  similar  to  those  of  the  test  structure  is  fairly  rapid 
for  frames  with  non-participating  walls.  An  experienced  computer 
can  estimate  the  first  trial  R  quite  accurately,  and  by  judicious 
interpolation  between  the  calculated  and  the  assumed  R  hasten 
satisfactory^  agreement*  Barring  mechanical  errors  no  more  than  two 
or  three  trials  are  required  for  each  step* 

In  the  cavse  of  the_frai^s  with  participating  walls,  the  choice 
of  the  trial  values  of  F4-  R  is  more  difficult  because  both  the 
frame  loads  and  column  resistances  are  functions  of  deflection*  If 
the  time  intervals  are  sufficiently  small,  the  assiimed  and  calculated 
values  of  F  +  R  will  always  converge  for  time  intervals  approach¬ 
ing  0*025  seconds  in  magnitude.  The  procedure  described  above  rcay_ 
result  in  a  divergence  of  the  assumed  and  calculated  values  of  F+R  > 
if  a  poor  choice  is  made  for  the  trial  value*  As  in  the  case  of 
frames  with  non-participating  walls  a  computer  with  some  experience 
will  usually  arrive  at  satisfactory  results  on  the  third  trial* 

The  preliminary  design  proceeds  similarly  to  that  for  frames  with 
non-participating  walls.  The  dii'ferences  are  discussed  below* 

a  Wall  Panels 


The  participating-type  wall  is  most  easily  achieved  by  the 
use  of  reinforced  concrete  wall  panels  which  should  be  designed 
to  resist  local  blast  pressure  independently  of  the  frame*  For 
this  purpose  it  is  desirable  to  take  advantage  of  continuity 
providing  negative  reinforcement  over  the  supports .  This  rein¬ 
forcement  will  provide  moment  resistance  to  deflection  during 
subsequent  frame  displacement*  However,  additional  wall  strength 
over  that  required  to  resist  the  local  blast  pressures  is 


desirable  because  the  increased  resistance  against  frame  deflection  can 
be  developed  more  economically  in  the  columns* 

Because  of  their  greater  massi  the  accelerations  and  velocities 
are  loiier  and  the  duration  of  the  plastic  action  is  longer  than  for 
steel  panels*  The  reactions  of  the  high  mass  front  wall  panels^  which 
have  full  plastic  defoliation  are  shown  in  figure  2*it*5-63 
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FIG.  2. 4.  5-63 

This  type  of  reaction  curve  is  somewhat  less  severe  than  the  low- 
mass  panel  reaction  becaxise  its  distribution  with  respect  to  time  is 
more  favorable*  This  effect  does  not  occur  at  the  rear  wall,  where 
it  is  assumed  that  the  smaller  rear  wall  pressures  are  resisted  in  the 
elastic  range  and  are  transmitted  without  distortion  to  the  frame, 
except  for  modifications  due  to  the  continuity  of  the  panels.  The  net 
translational  force  during  plastic  action  is  shown  in  figure  2.U*5-i6U* 


FIG.  2.4.5-64 
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These  characteristics  plus  the  effect  of  the  inertial 
mass  added  to  the  frame  itself,  result  in  lower  frame  accel¬ 
erations  and  velocities# 

b.  Preliminary  Column  Sizes 

The  total  resistance  required  between  the  varioxis  floors 
and  the  probable  contribution  of  the  walls  to  the  total  re¬ 
sistance  may  be  detennined  as  outlined  in  Section  2#ii#5"*D*  i 

The  balance  of  the  required  resistance  must  then  be  supplied 
by  col\amn  shears 

D,  Frame  Design;  Comparison  of  Methods  of  Design  and  Proportioning 

It  is  difficult  to  determine  the  effect  of  each  variable  on  the 
action  of  the  3-8tory  frame*  However,  a  considerable  amount  of  work  on 
preliminary  designs  was  done  using  simplified  assumptions  and  methods, 
which  permitted  the  changing  of  one  variable  at  a  time#  All  of  these 
studies  which  are  listed  below  were  for  frames  similar  to  those  used  in 
the  test  structure* 

1*  Effect  of  Assumed  Shape  of  the  Bssistance  Curve 

Several  analyses  were  made  using  different  assumptions  regarding 
the  manner  in  which  the  resistance  varies  in  the  elastic  range*  The 
resistance  in  the  plastic  range  was  assumed  constant  in  all  these 
cases  * 

Case  1.  (a)  The  acceleration  was  assumed  to  be  constant  in  each 
time  interval  and  a  resistance  function,  shown  in  fig- 
rire  2  #1*  *5-65,  which  increases  linearly  with  strain  up  to  ^ 

the  yield  point  was  used* 


Fia2A5-65 

(b)  A  linear  variation  in  acceleration  was  assumed  in  each 
time  interval  with  the  same  resistance  function  as  in  Case 
1  a*  This  analysis  was  made  by  J.T.  Penzien  and  H*  A# 
Williams  at  Massachusetts  Institute  of  Technology#  (31) 

(31  )  J*  fe*  Wiibur  and  C.  H*  Norris,  »Some  Comments  Regarding  Plastic  Limit 
Design  of  Building  Frames  for  Impulsive  Loads. 
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A  comparison  or  the  methods  illustrated  by  cases  la  and  lb 
showed  identical  results  within  slide  rule  accuracy  and  the  use  of 
either  method  does  not  seem  likely  to  affect  the  accuracy  of  the 
solution. 

Case  2.  The  resistance  was  approximated  by  using  zero,  $0$,  or  100^  of  the 
full  plastic  resistance,  whichever  value  came  closest  to  the  true 
resistance*  This  assumption  is  illustrated  in  figure  2*U*5-66# 


FIG.2.4,5“66 

Case  3  *  In  case  3  it  was  assumed  that  the  second  floor  column  resistance  was 
equal  to  one-half  the  full  plastic  resistance  and  that,  the  third 
floor  and  roof  column  resistances  were  equal  to  zero  during  the  first 
time  increment.  Thereafter,  zero  or  100^  resistance,  whichever  value 
was  closest  to  the  true  condition,  was  used©  Refer  to  figure 
2.1io5-67<. 
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2'^*^  Floor  Cols. 


3'’'*  Floors  Roof  Cols. 
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FIG.  2.4.5 -67 


Case  In  accordance  Tfith  deflection  anticipated  for  the  end  of  the  first 
time  interval  as  shown  in  figure  2.U.5-68,  the  column  shears  were 
assumed  to  be  zero  for  the  third  floor  and  a  maximum  plastic  value 
of  the  proper  sense  for  the  other  floors. 


FI6.2. 4.5-68 

For  all  subsequent  time  increments  the  zero  or  100^^  values  of 
resistance,  whichever  came  closest  to  the  true  value,  was  used. 

The  accuracy  of  the  nximerical  procedure  or  Case  1  is  dependent 
on  the  size  of  the  time  increment.  Therefore,  by  using  a  reasonably 
small  time  increment  for  Case  1  and  the  same  time  increments  for 
Cases  2  to  i|,  a  comparison  of  the  accuracy  of  the  latter  cases  can  be 
drav/n.  The  results  for  Cases  la, 2, 3*  and  U  are  summarized  in  figures 
2.U.5-69  and  70. 


TOTAL  FLOOR  DEFLECTION  i 

FIG.  2.4.5-69 
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Tabular  Comparisort  of  Deflections  for  Various  Cases  1  to  4 

Cose 

2nd  pioor 

3'’d  Floor 

Roof 

Smax 

Accuracy 

Accuracy 

Sfliax 

QQ3SSI3 

1(a) 

.44 

1.00 

.56 

1.00 

B 

1.00 

2 

.35 

.80 

.44 

.79 

.58 

.79 

3 

.29 

.66 

.47 

.84 

.65 

1.07 

4 

.37 

.84 

.50 

.89 

.65 

1.07 

FIG.  2.4.5 -70 

Case  5*  In  addition  to  the  study  referred  to  in  Case  lb,  Penzien  and 

Williams  (31)  analyzed  the  same  frame  using  the  full  plastic  re¬ 
sistance  for  all  frame  deflections*  This  assumption  is  illus¬ 
trated  in  figure  2.J4*5-71* 


FIG.  2.4.5-71 

The  comparative  deflections  obtained  by  Cases  lb  and  5  are  shown 
in  figure  2.U*5-72 


MAXIMUM  DEFLECTION 
FIG. 2.4.5-72 

(31)  j,  B.  Wilbur  and  C.  H.  Norris,  «Some  Comments  Regarding  Plastic  limit 
Design  of  Building  Frames  for  Impulsive  Loads” 
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The  wide  discrepancy  between  the  results  obtained  in  Cases  lb  and 
5  compared  to  the  narrow  range  of  variation  shown  by  Cases  la, 2, 3  and  k 
is  to  be  expected  because  the  assiimptions  of  Case  5  diverge  farthest 
from  the  ph;:>^ical  facts. 

Figures  2*li*5-73  and  7U  indicate  diagrammatically  the  errors  in¬ 
volved  in  using  Cases  1;  and  5* 


Case  6.  One  other  method  of  analysis  using  a  resistance  curve  as  shown  in 
Figure  2*l|»S-7?  was  compared  with  an  analyvsis  based  on  the  method 
outlined  for  Case  Xa).  In  this  method’  the  resistance  was  assigned 
by  inspection  in  steps  of  zero  75%  or  100;^  of  plas-  4 


P 
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RESISTANCE 


tic  resistance,  ififhichever  value  was  closest  to  the  true  resistance* 
The  results  are  shown  in  figure  2*it*5“76* 
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4 


FIG.  2.4.5*75 


MAXIMUM  DEFLECTION 
FIG.  2.4.5*76 


The  method  outlined  for  Case  la  was  used  in  all  final  analyses, 
with  provision  made  for  the  variation  of  plastic  resistance  due  to  the 
various  factors  outlined  in  Section  2*li*5*C* 

2o  Effect  of  the  Length  of  the  Time  Increment 

In  all  of  the  above  methods  except  Case  lb  constant  resistance  is 
assumed  during  each  time  increment  and  thus  the  time  of  application  of 
a  small  part  of  the  resistance  impulse  is  shifted  within  each  increment 
of  time*  Assuming  that  the  linear  rise  in  resistance  is  correct,  it 
follows  that  for  longer  time  increments  the  error  becomes  greater* 

Comparative  multi-story  analyses  indicated  that  the  error  resulting 
from  changing  the  time  increment  from  0*005  to  0*010  seconds  is  insigni¬ 
ficant  and  changing  the  time  interval  from  0*005  to  0*020  seconds  results 
in  errors  in  peak  velocities  and  maximxam  deflections  of  less  than 

Though  the  above  comparison  indicates  that  it  is  possible  to 
use  larger  time  increments  without  introducing  material  errors, 
the  ease  in  computation  is  not  iii5)roved  significantly  because  the 
convergence  of  the  assumed  and  calculated  resistances  is  slower*  In 
general  little  time  will  be  saved  by  using  time  increments  greater 
than  0*01  seconds  in  the  elastic  range  and  0*025  seconds  there¬ 
after* 
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The  slight  error  introduced  by  assuming  a  constant  plastic 
resistance  at  the  transition  from  the  elastic  to  the  plastic  range, 
as  indicated  in  figure  2.U.5-77b  may  be  partially  offset  by  assum¬ 
ing  that  the  resistance  becomes  plastic  at  the  end  rather  than  dur¬ 
ing  the  time  increment  as  shown  in  figure  2»li.5”77a. 


assumed  av. 
resistance-7 


(a) 


(b) 


FIG.2.4,5-77 
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3.  Effect  of  Rate  of  Increase  of  Resistance 

Two  studies  were  made  of  identica.1  frames  to  deterniine  the  effect 
of  frame  stiffness*  In  case  1  it  was  assumed  that  the  columns  were  fixed 
at  the  top  and  bottom*  In  case  2  the  elastic  rotation  at  these  points 
was  approximated  as  shown  in  Section  C^l*  The  results  of  these 

studies  are  shown  in  figure  2*l4.*5-78* 
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FIG.  2.4.5-78 


It  is  important  to  note  that  the  results  of  this  comparison  as  well 
as  those  in  Section  2#l4.«5  ^^—l  imply  that  most  assumptions  concerning  the  ^ 

resistance  functions  in  the  elastic  range  do  not  result  in  serious  varia¬ 
tions  in  the  total  deflection.  This  is  in  direct  contrast  to  the  more 
serious  effects  of  errors  in  estimating  the  blast  load  or  the  plastic 

resistance.  This  conclusion  would  not  be  true  however,  if  the  total  de-  ^ 

formations  were  limited  to  smaller  values. 
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DEVELOPED  RESISTANCE, 


li*  Effect  of  Axial  Load 

In  the  preliminary  fi*ame  analyses  it  was  assumed  that  the  resistance 
was  constant  for  strains  in  the  plastic  range,  the  variation  in  bending 
resistance  due  to  axial  load  and  to  load  eccentricity  being  neglected* 
Figures  2. U. 5-79  and  00  show  the  variation  of  the  confuted  resistance 
with  tijne  for  the  steel  frame  and  concrete  frame  buildings  as  taken  from 
the  final  analyses.  These  analyses  were  made  to  determine  the  effect  of 
blast  pressures  equal  to  135^  of  the  theoretical  blast  pressure,  and  in¬ 
cluded  the  effects  of  the  axial  load  and  the  eccentricity  of  the  axial 
loads  due  to  relative  floor  deflections.  Because  of  the  lower  total  re¬ 
sistances  of  the  columns  in  the  concrete  frame,  and  because  of  the  char¬ 
acteristic  shape  of  their  P-M curves  (see  section  2*iu5-G)  they  are  more 
sensitive  to  these  effects  than  the  steel  columns.  This  is  illustrated 
in  figures  2.ii.5-79  and  00, 
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RESISTANCE-kips 


For  purposes  of  comparison j  the  constant  plastic  resistance  used 
for  preliminary  frame  designs  and  the  final  resistance  of  the  steel 
frame  building  under  100^  and  135^  of  the  theoretical  blast  pressures 
are  shoirn  in  figure  2*ii«5-8l 


RESISTANCE  CURVES- STEEL  FRAME  BUILDING  No.  2 

(1)  Developed  resistonce  from  assumed  resistance  functions  for 

fireliminary  analysis. 

(2)  Developed  resistance  from  calculated  resistance  functions  for 

final  design. 


FIG.  2.4.5-81 

The  use  of  an  average  constant  resistance  curve  in  the  design  of  blast 
resistant  structures  seems  to  be  justified  by  the  results  of  these 
studies • 

Effect  of  Variation  of  Mass 

The  sensitivity  of  the  frames  to  change  in  mass  is  illustrated  by 
the  results  of  the  four  studies.  Cases  1  to  in  figure  2*U»5-d2.  From 
these  results  it  is  possible  to  generalize  to  some  degree  about  the  be¬ 
havior  of  comparable  three  story  frames ;for  examples 

Cases  3  and  L  show  that  the  increase  in  deflection  of  the  top 
floor  is  a  direct  function  of  the  mass  added  to  the  top  floor* 
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A  study  of  Gases  1  and  indicate  that  the  increase  in  deflec¬ 
tion  of  the  first  floor  is  inversely  proportional  to  the  mass 
added  to  ail  floors.  In  general  a  decrease  in  the  relative  mass 
of  the  roof  will  increase  the  relative  deflection  of  the  third 
floor  and  decrease  the  relative  deflection  of  the  roof. 


Roof 

3rd. 

2nd. 

I  St, 


Roof 

3rd- 

2nd. 

I  St. 


Masses  in  case  2  are 
approximotely  equal  to 
masses  of  concrete 
frame. 


Superimposed  load  in 
all  cases  is  approximately 

4q.  ft.  • 


Figures  beside  floors  are 
relative  masses. 
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MAXIMUM  DEFLECTION- FEET 


FI6.2.4.5  -82 
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6*  Effect  of  Variation  in  Blast  Load 


The  following  studies  illustrate  the  effect  of  blast  load  intensity 
on  frame  deflection.  It  is  evident  from  the  results  shown  in  figures 
2.1i.5-83  to  85  that  the  percentage  increase  in  deflection  is  much  greater 
than  the  percentage  increase  in  blast  pressure  load,  and  that  the  rate  of 
increase  in  deflection  is  greatest  in  the  lower  floor. 


Roof 


3'’^  Floor 


2"^  Floo? 


|St  Floor 


>s  I  MAXIMUM  DEFLECTION -FEET 

Steel  Frame  -  Final  Design  -  Non -participating  Walls 
Issue  No.  5  Pressure  Curves 

FIG.2. 4.5-83 


Concrete  Frame- Final  Design  —  Participating  Walls 
Issue  No.  5  Pressure  Curves 


FIG. 2.4.5-84 
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Roof 

3'"''  Floor 


and  Floor 


|St  Floor 


MAXIMUM  DEFLECTION -FEET 


Series  3 

Concrete  Frame  -  Preliminary  Design  -  Non-participating  Walls 
Issue  No. 2  Pressure  Curves  —without  rear  wall  pressure 

FIG.  2.4,5-85 


The  effects  of  an  increase  in  the  blast  intensity  on  the  resist¬ 
ance  and  velocity  are  illustrated  in  figures  2»L«5-'86  and  8?  respect¬ 
ively. 


LOAD- RESISTANCE  CURVES  -  VARIABLE  BLAST 
r  =  Net  Resistance  on  Floor  Moss,  Steel  Frame 
FIG.  2.4.5-86 
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VELOCITY  CURVES-VARIABLE  BLAST 
Floor  Moss,  Steel  Frame 

FIG.  2.4.5-87 


An  increase  in  the  duration  of  the  blast  pressure  also  results  in 
increased  deflections*  The  illustration  in  figure  2.1; •5-88  indicates  the 
relation  between  resistance  and  load  for  this  condition. 


TIME 

FIG.  2.4.5-88 


7*  Effect  of  Variation  of  the  Relative  Floor  Resistances 

The  column  resistances  were  varied  in  a  series  of  studies  of  frame 
action  in  which  the  additional  variables  were  frame  mass  and  blast  pres¬ 
sure  loading.  The  results  shown  in  figures  2. U *5-89  to  9k  were  derived 
from  these  studies  which  include : 
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(Series  1)  Concrete  frame,  non-participating  walls, 
pressure  on  front  and  rear# 

(Series  2)  Concrete  frame,  non-participating  walls, 
pressure  on  front  only# 


(Series  3)  Steel  frajiie,  non-participating  walls, 
pressure  on  front  and  rear# 


MAXIMUM  DEFLECTION  -  FEET 


Series  I 

Non -participating  Walls  -  Concrete  Frame 

100%  of  Issue  No.  2  Pressure  Curves  -  with  rear  wall  pressure 

F1G,2. 4.5-89 


For  Series  1  the  total  shear  r  for  plastic  column  moments  between 
floors  and  the  net  resistances  R  at  each  floor  level  are  shown  in  the 

table  of  figure  90#  The  quantities,  ^  and  are  also  in¬ 
cluded,  where  ^2  “ 


*  net  plastic  resistance  at  any  floor  level 
R2  «  net  plastic  resistance  at  the  second  floor 

P  =  peak  blast  load  on  second  floor  mass 
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FIG,  2.4.5-90 


The  forces  which  resist  the  applied  frame  loads  are  the  net  column  shears 
above  and  below  the  floor  levels.  Since  the  columns  adjacent  to  a  floor  level 
may  have  about  the  same  strength,  a  minor  change  in  either,  which  may  be  a 
small  fraction  of  the  total  resistance  of  a  member,  may  produce  a  large  per¬ 
cent  change  in  the  resistance  of  the  members  and  therefore  a  material  change 
in  the  net  resisting  force.  This  fact  is  evident  from  the  information  given 
in  figure  2.1* .5-89,  where  the  increase  in  the  relative  deflection  of  the  3rd 
floor  from  trial  1  to  trial  5  is  due  to  this  phenomenon.  In  this  case  a  $0% 

reduction  in  net  resistance  causes  a  700$  increase  in  deflection.  For  the 

roof  it  is  shown  in  Cases  it  and  5  that  a  13$  reduction  in  the  resistance  re¬ 
sults  in  a  220$  increase  in  the  deflection.  The  behavior  of  the  frame  is 

complex  and  although  these  particular  examples  should  not  be  taken  as  typical 
the  sensitivity  of  the  frame  to  changes  in  resistance  is  evident. 


The  results  of  Series  2,  shown  in  figure  2.it.5-91  and  92,  indicate 
similar  sensitivity.  It  is  also  apparent  that  a  change  in  the  relative 
resistance  of  one  floor  greatly  affects  the  behavior  of  the  floors  above 
and  below. 
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Series  2 

Non -participating  Walls  -  Concrete  Frame 

100%  of  Issuei  No.  2  Pressure  Curves  — without  rear  wall  pressure 

F1G.2. 4.5-91 
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FIG.  2.4.5-92 
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Series  3 


Non-participating  Walls — Steel  Frame 

100%  of  Issue  No, 5  Pressure  Curve -with  rear  wall  pressure 

FIG.  2.4.5-93 


Trial 

1 

2 

3 

Roof 

450 

500 

600 

rkips 

Floor 

1300 

1300 

1400 

Floor 

2300 

2200 

2200 

Roof 

450 

500 

600 

Rkips 

3''«^  Floor 

750 

800 

800 

T 

2*^^  Floor 

1000 

900 

800 

Rf 

R» 

Roof 

.45 

.55 

,75 

3''<^  Floor 

.85 

.89 

1.00 

z 

Floor 

1.00 

1.00 

1.00 

P=  1570 

kips  ,  Rg 

.64 

.58 

.51 

FIG.2. 4.5-94 


156 


The  behavior  of  the  frame  in  series  3?  shown  in  figures  2. U, 5-93 
,  and  9h,  is  consistent  with  the  results  of  lines  1  and  2.  Differences 

^  between  series  1  and  2  or  3  in  mass  and  pressure  necessitate  the  use 

of  greater  resistances  in  series  3*  It  is  interesting  to  note  that 
the  deflections  in  any  of  the  trials  of  this  series  might  be  accept¬ 
able  since  the  range  of  results  is  quite  limited*  The  first  estimate 
*  of  colimm  resistance  was  based  on  experience  gained  in  the  analysis  of 

similar  frames. 

If  the  loading  conditions  and  masses  are  similar  to  those  used  for 
the  test  structure,  the  ratio  of  net  resistances  shown  in  figure  2#li*5-92 
may  be  used  as  the  first  trial  for  other  designs. 

8.  Simplified  Frame  /Inalysis 

The  following  discussion  is  concerned  with  certain  simplifications 
in  frame  analysis  which  were  utilized  in  designing  the  non-participating 
wall  type  steel  test  structures.  The  reduction  of  labor  in  the  analysis 
and  design  of  structures  with  participating  walls  is  also  discussed  and 
a  method  for  achieving  this  purpose  is  suggested*  The  simplifications 
to  be  introduced  in  this  case  are  dependent  on  further  study  of  the  ef¬ 
fect  of  continuous  walls. 

a.  Frames  with  Non-Participating  ^^alls 

^  /  \ 

Using  the  numerical  procedure  outlined  for  Case  I  (a)  in  Section 

2.ii.5-C3,  the  values  of  constant  plastic  resistance  for  each  floor 
were  varied;  three  trials  being  required  to  obtain  the  desired  deflec¬ 
tions*  In  these  computations  the  story  masses  were  based  on  the  ex- 
^  pected  dead  and  live  load. 

The  structure  was  proportioned  on  the  basis  of  the  results  of 
the  third  trial*  Clear  column  heights  were  assumed  and  coliimn  reac¬ 
tions  were  chosen  so  that  the  required  storj,"  resistances  would  be 
developed  for  the  range  of  axial  loads  prevailing  during  frame  deflec¬ 
tion*  The  remainder  of  the  frame  was  designed  on  the  basis  of  the 
worst  conditions  likely  to  be  encountered  with  these  column  reactions. 

The  frame  was  then  analyzed  using  the  procedure  explained  in 
Section  2.li*5-C3*  The  deflection  and  velocities  obtained  in  the  pre¬ 
liminary  and  final  analyses  are  shown  in  figures  2. U. 5-95  and  96. 
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100%',  I35%- 


Steel  Frame 

Preliminary  and  Final  Analyses  for  Building  2 

FIG.2.4.5-95 


VELOCITY  CURVES-STEEL  FRAME  AT  135%  OF  BLAST 

FIG. 2.4. 5-96 
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CircTomstances  peculiar  to  this  particular  case  resulted  in  some¬ 
what  different  clear  heights  for  the  third  floor  and  roof  columns  in 
the  final  design  than  had  beem  assumed  in  the  preliminary  analysis. 

For  this  reason  it  may  be  expected  that  in  the  usual  case  the  coBpari- 
son  of  the  preliminary  and  final  analyses  would  be  closer  than  indi¬ 
cated  by  these  results  because  details  of  construction  can  be  settled 
before  the  preliminary  analysis. 

The  three  trial  analyses  for  the  steel  frames  including  the  selec¬ 
tion  of  the  column  sections  used  in  the  final  design  and  analysis,  were 
completed  in  less  than  12  hours  by  one  person.  The  close  agreement  of 
the  preliminary  and  final  analyses  strongly  suggests  that  the  final 
analysis  might  be  omitted  entirely  except  as  a  check.  Until  more  reli¬ 
able  data  on  the  pressure  loads  and  on  the  behavior  of  materials  under 
rapid  loading  are  obtained,  an  exhaustive  analysis  may  not  be  warranted 
in  view  of  discrepancies  in  the  accuracy  of  the  basic  data. 

b.  Frames  with  Participating  Walls 

(1)  Continuous  Walls  Restrained  at  Each  Floor  Level 

In  this  case  the  procedtire  for  frame  design  is  similar  to 
that  described  for  the  case  of  frames  with  non-participating  walls 
except  that  the  resistance  function  must  be  altered  to  account  for 
the  differences  in  column  and  wall  flexibility  in  the  elastic 
range. 

(2)  Continuous  Walls  Supported  At  Each  Floor  Level 

At  this  writing  it  seems  probable  that  by  comparing  the  re¬ 
quired  column  resistances  for  frames  with  and  without  participat¬ 
ing  walls,  but  otherwise  similar,  a  fairly  reliable  rule  of  thumb 
procedure  for  obtaining  the  first  trial  values  of  column  resist¬ 
ance  can  be  evolved.  The  behavior  patterns  of  frames  with  and 
without  participating  walls  are  not  exactly  the  same  but  in  each 
case  the  patterns  are  so  definite  that  it  seems  likely  that  the 
effect  of  the  wall  can  be  expressed  as  an  equivalent  column  re¬ 
sistance.  Therefore,  the  following  method,  illustrated  for  a 
typical  concrete  frame,  for  determining  empirical  rules  to  eval¬ 
uate  the  effect  of  the  walls  may  prove  feasible. 

(a)  By  a  simplified  preliminary  analysis,  assuming  non-participat¬ 
ing  walls,  determine  the  net  resistance  required  at  each  floor 
level  to  maintain  the  deflection  within  the  specified  limits. 

(b)  Having  designed  the  walls  to  resist  the  local  blast  pressure, 
determine  their  equivalent  resistance  to  lateral  motion. 

To  establish  a  criterion  for  the  relative  effectiveness  of 
the  walls  compared  to  the  columns  in  resisting  deflection, 
it  is  necessary  to  account  for  the  time  distribution  of  the 
resistance  impulse. 
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In  figure  2,k*S-97  velocity  curve  2  differs  from  curve  1  only  in 
that  from  time,  tn_i  ,  to  time,  tn  >  an  additional  resisting  im¬ 
pulse,  I|,  ,  produced  the  difference  in  velocity,  AV  . 

The  difference  in  deflection  by  curves  1  and  2,  then  is 
Av(tf  -  tn).  It  is  evident  that  the  greater  the  time  "  L  ,  the 
more  Wfective  will  be  the  impulse  Ip  in  reducing  the  dexlection. 

Relations  between  the  column  and  wall  resistances  Tor  a  typical 
frame  with  participating  walls  designed  to  resist  the  local  pres- 
sure  loads  and  with  continuous  positive  steel  are  shown  in  the 
table  of  figure  2*1+45-96.  The  following  notation  is  used) 

Zc  “  resisting  impulse  supplied  by  columns  * 

»  resisting  impulse  supplied  by  walls 

tj  »  time  at  which  resisting  impulse  is  applied 

*  time  at  which  motion  of  the  frame  is  complete 

f  =  approximate  average  column  shear  of  the  columns 
below  the  floor 

=*  approximate  ultimate  wall  shear  of  the  wall  below 
the  floor  which  could  be  developed  if  the  walls 
were  fixed  at  each  floor  level 

The  signs,  +  and  -p*  indicate  impulse  in  the  direction  of  and 
opposite  to  the  direction  of  the  blast  load  respectively. 

The  quantities,  and  [iwdf-ti)]  ,  are  a  meas¬ 
ure  of  the  relative  effectiveness  of  the  actual  resisting  impulse  A 

produced  by  the  col\imns  and  walls  respectively*  The  ratio,  T^/Tq  >  * 

indicates  the  ultimate  strength  of  the  walls  relative  to  the  col¬ 
umns  if  the  walls  were  fixed  at  the  floor  levels*  All  summations 

are  made  over  the  inteirval,  tf  “  .  y 
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Although  it  appears  that  the  wall  tends  to  increase  the  de¬ 
flection  of  the  roof,  any  positive  impulse  supplied  by  the 
wall  to  the  roof  is  accompanied  by  an  equal  impulse  of  opposite 
sense  applied  to  the  3rd  floor.  In  general  wall  action  tends 
to  equalize  the  relative  frame  deflections*  The  figures  of 
columns  i|  and  6  reflect  this  behavior. 

Not  enough  work  has  bean  done  to  formulate  any  but  the  roughest 
rule  of  thumb  for  estimating  the  required  column  sizes  in  a 
building  with  participating  walls.  The  maximum  wall  resistance 
might  be  computed  by  assuming  that  the  walls  are  fixed  at  each 
floor  level  and  act  as  columns.  From  the  information  given  in 
^  the  preceding  table,  criteria  may  be  developed  by  iidiich  the 

effective  wall  resistance  in  each  story  may  be  computed,  i.e., 
the  wall  actually  furnishes  an  effective  resistance  equal  to 
the  following  percentages  of  the  maximum  resistance. 

Second  floor  walls,  80^ 

Third  floor  walls,  6(& 

Roof  Walls,  80^ 

These  values  were  determined  by  dividing  the  relative  impulse- 
duration  function  of  the  walls  (column  7)  by  the  relative  strength 
of  the  walls  (column  8). 

(c)  Determine  the  required  resistances  to  be  furnished  by  the  columns. 
This  wi.ll  be  equal  to  the  total  required  resistance  less  the  re- 
^  sistance  provided  by  the  walls. 
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9.  Conclusions 


The  numerical  methods  developed  in  Section  for  the  anal¬ 

ysis  of  frames  are  generally  satisfactory,  the  accuracy  of  the  basic 
analysis  being  controlled  primarily  by  the  size  of  the  time  intervals. 
The  behavior  of  the  frames  is  such  that  large  variations  may  result 
from  small  discrepancies  in  applied  loads  and  frame  resistances. 
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1.  W=  weight  per  story  =DL  +  LL  (LL=IOO  lbs.  per  sq.  ft.). 

2.  Ultimate  shear  based  on  normal  design  practice  for  wind  and  earth 
quake  loads. 

3.  Wind  load  =  90  lbs.  per  sq.  ft. 

4.  Earthquake  load  =  0.1  SW. 
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There  are  strong  indications  that  many  simplifications  in  the 
frame  analysis  can  be  made  without  an  appreciable  reduction  in  the 
accuracy  of  the  solution,  but  the  formulation  of  these  procedures 
must  await  the  post-test  analysis  for  further  information  concerning 
the  effects  of  the  numerous  variables* 

Blast  resistant  structwes  may  be  con^ared  to  earthquake  resist¬ 
ant  structures  which  are  usually  designed  by  the  method  of  equivalent 
lateral  loads,  the  magnitudes  of  which  are  proportional  to  the  total 
mass.  In  contrast,  when  designed  for  blast  loads^heavier  buildings 
require  less  blast  resisting  strength  than  relatively  light  structures* 
In  the  table  of  figure  2*1;. 5-99  the  theoretical  column  shears  required 
by  steel  and  concrete  frame  buildings  for  earthquake  and  wind  loads 
and  A-bomb  blast  loads  are  tabulated. 

An  attempt  to  use  earthquake  resistant  structures  as  a  guide  for 
determining  relative  floor  strengths  could  not  take  into  account  the 
variations  in  intensity  of  the  reflected  blast  pressures,  the  shape 
and  orientation  of  the  building,  and  the  effect  of  window— openings, 
each  of  which  was  found  to  produce  a  major  effect  on  the  necessary 
blast  resistance.  The  value  of  the  earthquake  designs -appears  to  be 
limited  to  that  of  a  guide  for  the  design  of  joints  and  connections. 


S.  Overturning  Stabilit: 


The  initial  force  applied  to  structures  by  A-bomb  blasts  is  a  high 
reflected  pressure  on  the  exposed  face  of  the  structure  tending  to  over¬ 
turn  the  building.  A  short  time  elapses  before  the  pressure  begins  to 
act  on  the  rear  wall.  In  the  interim  the  roof  begins  to  receive  blast 
loads.  The  forces  which  act  on  the  roof  and  rear  wall  assist  the  force 
due  to  the  weight  of  the  structure  in  preventing  overturning# 


The  stabilizing  pressures  on  the  roof  and  rear  wall  are  important 
in  that  a  change  in  either  results  in  a  different  rotation  about  the 
rear  footing  or  in  certain  cases  may  even  result  in  instability.  There¬ 
fore  information  concerning  the  area  affected  by  and  the  nature  of  the 
edge  disturbance  is  needed  because  this  phenomenon  is  an  important  fac¬ 
tor  in  estimating  overturning  stability. 


Structural  behavior  in  resisting  overturning  can  be  generally 
classified  into  two  types,  (1)  relatively  flexible  frame  action  which 
can  transmit  overturning  forces  only  in  proportion  to  the  shear  and 
moment  capacity  of  the  frame  members,  and  (2)  the  shear-wall  type  of 
structure  vrtiich  rotates  essentially  as  a  rigid  body  under  the  action 
of  the  blast  loads  undergoing  angular  acceleration  about  the  rear  base. 
The  latter  case  is  usually  more  critical  and  will  be  explained  in  detail. 

The  roof  load  on  the  interior  columns  of  typical  sheaivwall  type 
structures  is  usually  laiige  enoxigh  to  prevent  the  interior  of  the  build¬ 
ing  from  rotating  relative  to  the  rear  base.  Althou^  the  footings, 
floor  system  and  roof  framing  act  in  flexure  to  resist  the  motion  of 
the  rigid  surrounding  walls,  their  strength  and  stiffness  are  generally 
insufficient  to  prevent  front  wall  rotation  relative  to  the  first  row  of 
interior  columns. 


The  angular  motion  of  the  exterior  walls  is  caused  by  the  unbalanced 
loads  acting  on  the  structure.  An  equation  relating  these  loads  to  the 
resistance,  mass  and  angular  acceleration  is  presented  below. 

Let  dm  =  mass  of  any  particle  in  the  rotating  body 

perpendicular  distance  from  the  axis  of  rotation  of  any 
P  “  particle 

K  .  angular  acceleration  of  each  particle  about  the  axis  of 
^  ”  rotation 

_  polar  moment  of  inertia  of  the  rotating  bodies  about 
^0  “*  the  axis  of  rotation 

^  total  moment  about  the  axis  of  rotation  of  all  the  forces 
acting  on  the  body 

At  any  time  M  =  dm 
since 

M=  Xoe 

Because  the  pressures  on  the  front  face,  roof  and  rear  face  vary  with 
time  and  the  shears  and  moments  developed  in  the  framing  connecting  the  walls 
to  the  interior  columns  vary  with  deflection,  the  magnitude  of  the  overturning 
moment  is  a  function  of  both  of  these  variables.  To  account  for  these  varia¬ 
tions  a  step-by-step  numerical  procedure  was  adopted  using  an  average  net  mom¬ 
ent  for  each  step,* This  procedure  is  presented  in  the  table  of  figure  5-100, 


Analysis  completed  at 

FIG.  2.4.5 -100 
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The  following  comments,  which  explain  the  analysis  during  any  time 
interval,  At  ,  are  made  to  clarify  the  procedure. 

M  is  the  instantaneous*  summation  of  the  effective  moments,  about  the 
axis  of  rotation,  due  to  the  front,  roof  and  rear  wall  pressures,  and  the 
weight  of  the  structure.  In  flexible  structure  M  is  the  overturning  moment 
caused  by  axial  loads,  shears  or  moments  in  the  framing. 

TX  is  the  average  of  the  total  moments  at  the  beginning  and  end  of 
the  interval. 

§  is  the  average  angular  acceleration  of *the  rotating  mass  during 
the  time  interval. 

A0  is  the  change  in  angular  velocity  in  the  interval. 

0  is  the  total  angular  velocity  at  the  end  of  the  time  interval. 

0avg.  is  the  average  angular  velocity  during  the  time  interval. 

A0  is  the  rotation  during  the  time  interval. 

0  is  the  total  rotation  at  the  end  of  any  time  interval. 

The  maximum  angle  of  rotation  0max.  »  occurs  when  the  angular  velocity, 
6  ,  becomes  zero.  To  obtain  the  maximum  upward  deflection  of  the  front  waU, 
the  maximum  angle  of  rotation,  in  radians,  should  be  multiplied  by  the  depth  of 
the  structure,  measured  parallel  to  the  direction  of  the  blast  load.  A  limit¬ 
ing  value  for  the  front  wall  i^jlift  will  depend  on  the  type  of  construction  and 
on  the  damage  which  can  be  sustained  without  preventing  continued  use  of  the 
structure. 

F.  Sliding  Stability 

When  the  blast  pressure  wave  reaches  the  front  face  of  the  structure  the 
high  reflected  pressure  tends  to  translate  the  building  in  the  direction  of 
the  blast.  After  a  very  short  time  the  pressure  begins  to  act  on  the  rear 
wall  and  helps  to  resist  this  motion.  A  typical  translational  force-time 
curve  is  shown  in  figure  2. 2. 1-5.  Sliding  of  the  building  under  this  net  blast 
load  Including  the  inertia  forces  caused  by  the  horizontal  eoiq>onent  of  the 
rotation,  is  resisted  by  friction  and  by  the  active  and  passive  soil  pxesaure 
acting  against  the  back  of  the  footings. 

The  frictional  resistance  depends  on  the  properties  of  and  on  the  pres¬ 
sure  between  the  two  sliding  surfaces.  For  concrete  on  soil  the  coeffi¬ 
cient  of  friction  may  be  expected  to  be  equal  to  Tan  ^  ,  idiere  ^  is  the 

angle  of  internal  friction  of  the  soil. 

The  total  force  exerted  by  the  footing  on  the  soil  will  be  equal  to  the 
effective  weight  of  the  structure  plus  the  blast  pressure  on  the  roof.  For 
any  particular  time  interval  the  roof  load  mscy  be  obtained  from  the  roof  pres¬ 
sure-time  curves. 
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Sliding  stability  may  be  investigated  by  use  of  the  step-by-step  pro¬ 
cedure  using  equal  time  intervals  as  illustrated  in  the  table  of  figure 
2. U. 5-101. 
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The  following  notations,  used  in  the  step-by-step  analysis,  represent 
average  values  as  indicated  during  any  time  intervals 

We  =  effective  weight  of  structure  and  contents  undergoing  translation 
Pj.  =  total  vertical  blast  load  on  structure 

p  _  total  vertical  load  on  the  foundations  including  the  inertia 

forces  resulting  from  rotation  =  Wg  +  FJ, 

C  =  coefficient  of  sliding  friction 

p  _  net  translational  force  on  the  structure  including  the  effects  of 
^net  "  rotation 

Pp  =  resistance  due  to  passive  pressure  of  the  soil 

F  =  unbalanced  translational  force  where,  F=  -  C  (W^  +  ^ 


As  shown  below,  the  quantity  SF  at  any  time  interval  is  proportional 
to  the  total  velocity  at  the  end  of  the  time  interval. 


F  =  ma  =  m 


AV  =  F 


At 

m 


AV 

At 


V  =  S  AV 
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where; 


'K 


A 


average  acceleration  of  building  during  the 
^  **  time  interval 

m  =  total  mass  being  accelerated 

At  =  time  interval 

_  change  in  velocity  of  the  building  during  any 
“  time  interval 

velocity  of  the  structure  at  the  end  of  the 
^  "  time  interval 


Thus,  when  2F(-^)  =  0  the  velocity  is  zero  and  the  building 
has  ceased  its  translatory  motion*  If  is  kept  as  a  constant  through¬ 
out  the  computation  the  velocity  becomes  zero  when  ]SF=  0  ,  and  the 

quantity  is  proportional  to  the  total  displacement# 


The  increment  of  displacement  in  each  time  interval  will  then  be 
ZFaI  and  the  total  displacement,  =  2 

or  Sa8,  =  s[xf] 

where;  A 8^  ^  change  in  displacement  of  the  structure  dur¬ 
ing  any  time  interval 

8h  *  displacement  at  the  end  of  any  time  interval 


For  structures  with  deep  foundations,  basements,  etc*,  the  possibil¬ 
ity  of  sliding  is  small  because  of  the  large  passive  earth  pressure  which 
can  be  developed  to  balance  the  net  blast  load.  In  the  case  of  build¬ 
ings  with  shallow  foundations  similar  to  the  test  structures  the  various 
factors  necessary  for  an  investigation  of  sliding  stability  can  be  com¬ 
puted  with  reasonable  accuracy* 

G.  Roof  Trusses  Under  Blast  Pressure  Loads 


1.  Introduction 


The  magnitude  of  stresses  produced  in  a  truss  is  a  function  of 
the  shock  waves  propagated  in  the  various  members.  It  is  evident 
that  two  or  more  shock  waves  emanating  from  separate  sources  will 
reinforce  each  other  at  certain  points*  Because  each  truss  member 
vibrates  in  a  different  mode  according  to  the  natural  frequency  and 
load,  the  calculation  of  these  stresses  is  very  difficult,  if  not 
impossible.  However,  their  occurrence  should  be  recognized  and  an 
attempt  should  be  made  in  the  design  to  minimize  their  effects. 
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FORCE 


Theoretically,  shock  wave  fronts  will  have  less  chance  to  build 
up  to  a  yield  point  in  a  single  member  if  pin  joints  are  used*  Con¬ 
versely,  stiff  joints  produced  by  welding  should  be  avoided*  Riveted 
connections,  subject  to  a  slight  amount  of  yielding,  are  better  than 
welded  joints.  The  damping  effect  of  yielding,  particularly  in  taision 
members,  should  be  utilized  when  possible* 

2.  Loads  on  Truss 

Vertical  forces  are  transmitted  to  the  truss  purlins  which  in  turn 
supoort  the  response  of  the  roofing.  A  typical  relationship  between 
these  forces  for  light  weight  roofing  is  shown  in  figure  2*U*5-102a. 

It  is  assumed  that  the  covering  is  elastic  and  vibrations  are  neglected 
in  accordance  with  the  concept  that  the  net  impulse  due  to  an  oscillat¬ 
ing  load  may  be  accurately  represented  over  a  sufficiently  long  time 
period  by  the  average  impulse. 

In  figure  2*U.5-102b  a  similar  relationship  is  shown  for  heavy 
roofing*  In  this  case  the  roofing  can  be  relied  on  for  plastic  re¬ 
sistance  after  which  the  roof  slab  vibration  is  also  neglected*  For 
the  case  of  heavy  or  light  roofing  the  purlin  vibration  after  plastic 
resistance  ceases  is  also  neglected  to  obtain  the  truss  loading. 


Since  most  of  the  equivalent  mass  of  the  frane  is  concentrated 
at  the  truss  level,  the  chords  and  diagonals  act  to  transfer  the 
force  producing  acceleration  to  the  mass.  The  net  horizontal  thrust 
at  any  time  can  be  computed  by  superposition  of  the  forces  from  the 
front  and  rear  wall  on  the  total  column  resistance.  The  maximum  net 
value  of  horizontal  force  occurs  at  the  instant  the  blast  pressure 
begins  to  act# 

In  addition  to  vertical  load  and  horizontal  thrust,  the  column 
moments  must  be  resisted*  These  moments  are  a  function  of  deflection 
and  thus  take  time  to  build  up  to  maximum  values*  If  the  front  col- 


mns  are  subjected  to  bending  by  local  wall  loads  the  moment  produced 
in  these  members  at  the  truss  level  will  in  most  cases  be  reversed  by 
deflection  of  the  frame, 

3.  Design  Procedure 

It  is  evident  that  in  order  to  be  practical,  a  design  method  must 
omit  quantitative  internal  shock  wave  considerations.  The  sizes  of  diag¬ 
onals  and  struts  will  be  governed  by  the  vertical  and  horizontal  load 
while  the  chords  depend  on  a  combination  of  vertical  and  horizontal  load 
and  column  moments.  In  designing  a  member  for  these  loads  the  rate  of 
loading  must  be  used  to  obtain  probable  yield  point  stresses  from  the 
recommended  design  curve  shown  in  figure  2.5 *2-1. 

The  variation  of  the  forces  described  above  may  be  determined  by 
treating  the  loads  separately  with  respect  to  time  and  superimposing 
the  results. 

a.  Vertical  Loads 

For  illustrative  purposes  the  truss  shown  in  figure  2*U*5-103  is 
discussed.  Assuming  for  a  first  trial  that  the  natural  period  of  the 
proposed  truss  is  such  that  the  truss  response  will  follow  the  loading 
very  closely,  the  vertical  shear  as  a  function  of  time  can  be  calculated. 
The  method  of  recording  computations  shown  in  figure  2.U.5-10U  is  sug¬ 
gested. 


FIG.  2.4.5- 103 
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b.  Horizontal  Loads 


As  stated  previously  the  maximam  net  value  of  horizontal  thrust 
causing  acceleration  in  the  truss  occurs  in  the  first  instant  when  the 
front  pressure  is  a  maxim'uni  and  column  resistance  is  zero.  The  amount 
of  mass  that  is  concentrated  at  the  truss  level  for  purposes  of  analysis 
is  in  most  cases  somewhat  greater  than  the  mass  which  is  actually  depend¬ 
ent  on  the  truss  for  its  acceleration.  As  can  be  seen  in  figure  2.U»5“105> 
the  front  wall  mass  is  accelerated  by  forces  applied  directly  to  the  wall, 
not  through  the  truss.  Therefore,  trusses  designed  for  the  total  force 
producing  acceleration  mil  be  proportioned  on  the  side  of  safety. 

Portion  usually 
assumed  for 
equivalent  moss 


A" 


FIG.  2.4.5-105 


If  the  truss  mass  and  roof  mass  are  rigidly  connected,  the  net 
force  remaining  in  the  diagonals  and  chords  at  any  point  will  be  an 
inverse  function  of  the  mass  up  to  that  point*  With  the  column  re¬ 
sistances  known  as  a  function  of  time  either  by  estimates  or  by  frame 
analysis,  it  is  possible  to  deteimine  the  horizontal  thrust  as  a  func¬ 
tion  of  time*  On  the  basis  of  these  forces,  it  is  possible  to  coii5)ute 
the  approximate  stress  in  each  truss  member  as  a  function  of  tune* 

Design  of  Truss  Members 

a*  Tension  Members 


If  longitudinal  oscillation  effects  neglected  the  design  of  ten¬ 
sile  diagonals  involves  only  the  determination  of  the  proper  yield  stress 
based  on  the  rate  of  loading.  Yield  point  stresses  in  tension  members 
may  be  caused  by  the  load  or  by  two  or  more  shock  waves  reinforcing  each 
other.  This  phenomenon  of  yielding  would  seem  to  be  a  welcome  factor  for 
the  truss  as  a  whole. 

b.  Compression  Members 

The  result  of  a  theoretical  investigation  (3?)  into  the  action  of 
pin-ended  columns  under  an  impact  load  of  constant  magnitude  is  shown  in 
figure  2 .11.5-106.  It  can  be  seen  that  for  a  constant  pulse  less  than 
Euler* s  load  the  response  is  never  greater  than  two.  The  pins  were  as¬ 
sumed  to  be  held  by  rigid,  non-yielding  supports. 


(32)  C.  Koning  and  J.  Taub,  **Impact  Buckling  of  Thin  Bars  in  the  Elastic  > 

Bange  Hinged  at  Both  Ends.** 
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T 

FIG.  2.4.5-106 

The  terms  used  in  figure  2*U.5-106  are  defined  as: 

=  magnitude  of  impact  load 

1^  =  Euler *s  load 

t,  -  duration  of  impact  under  constant  pulse 

T  =  natural  frequency  of  manber  for  transverse  Vibration 

Response  is  the  ratio  of  stress  produced  by  to  stress 

produced  by  a  static  load  of  equal  magnitude* 

Truss  members  which  are  acted  on  by  loads  requiring  finite  time  in 
which  to  build  ^J[p  from  zero  to  a  maximum,  undergo  a  much  less  severe 
type  of  loading  than  that  used  in  obtaining  the  results  shown*  There¬ 
fore  if  conpression  members  are  designed  in  the  elastic  range  using 
the  peak  blast  load  as  a  constant  pulse,  the  actual  maximum  stresses 
will  not  exceed  the  design  value. 


Since  further  information  pertaining  to  the  problem  is  lacking,  the 
following  design  procedure  for  truss  members  is  proposed.  Conservative 
results  will  be  obtained  but  these  are  at  least  partially  justified  in 
view  of  the  neglected  shock  waves. 


(1)  with  compression  members  stressed  within  the  elastic  range; 


(a)  Based  on  the  requirement. 


Pe 


>  I  ,  determine  a  trial  member. 


(b)  Determine  the  maximum  stress  using  as  a  static  load.  It 
may  be  advisable  in  some  cases  to  assume  an  initial  crooked- 
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ness  based  on  rolling  mill  practice. 

(c)  Compute  the  unit  stress  based  on  a  response  taken  from  * 

figure  2.li»S-106.  Tl;e  maximum  response  should  not  exceed 
the  yield  point  of  the  material. 

(2)  With  tension  members  stressed  beyond  the  elastic  rangej 

(a)  and  (b)  The  first  two  steps  of  the  design  would  be  the  same 
as  for  steps  a  and  b  for  case  1  above. 

(c)  If  one  or  both  ends  of  the  compression  member  is  supported 
by  other  members  undergoing  plastic  strains,  the  response 
factor  of  the  compression  member  will  be  reduced,  the  magni¬ 
tude  being  governed  by  the  response  of  the  connecting  members. 

H.  Design  of  Reinforced  Brick  Work 

The  American  Ceramics  Society  through  its  Committee  on  Reinforced 
Masonry  conducted  a  testing  program  in  the  1930 's  to  determine  the  flex¬ 
ural  strength  of  brick  slabs  and  beams  reinforced  with  steel  rods  placed 
in  the  mortar  joints. 

The  test  slabs  were  composed  of  a  single  layer  of  brick  set  on  edge 
with  the  long  dimension  of  the  brick  in  the  direction  of  the  slab  span. 

The  panels  spanned  8  feet  between  supports  and  cantilevered  U  feet  beyond 

the  supports  at  each  end.  The  positive  reinforcing  steel  in  the  center 

span  consisted  of  one  3/8"  0  bar  per  joint  placed  one  inch  above  the 

bottom.  The  negative  steel  was  also  one  3/8"  0  bar  per  joint  placed  one 

inch  below  the  top  of  each  side  span.  The  negative  steel  extended  to  * 

the  l/h  point  of  the  center  span.  The  steel  percentage  was  slightly 

under  1%  of  the  total  slab  area.  All  the  tests  were  conducted  using 

static  loads 5  all  the  slabs  were  one-wayj  and  none  of  the  panels  were 

tested  for  either  reversed  or  repeated  loading. 

Disregarding  the  small  number  of  slabs  with  obvious  joint  weaknesses 
caused  by  low  quality  mortar,  incompletely  filled  joints,  and  poor  adhe¬ 
sion  between  the  brick  and  mortar,  the  failures  were  of  a  ductile  nature 
and  were  caused  by  yielding  of  the  steel.  Cou^iuted  bond  stresses  were  in 
general  equal  to  or  greater  than  200  p.s.i.  No  failures  occurred  due  te 
compression  in  the  brick.  Judging  from  the  measured  deflection  of  the 
test  panels,  it  appears  that  the  same  limiting  deflection  criterion  of 
L/32  used  for  the  concrete  members  is  conservative  for  use  in  the  de¬ 
sign  of  reinforced  brick  panels. 

Brick  walls  may  then  be  designed  using  the  same  design  methods  and 
the  same  design  criteria  used  for  the  one-way  reinforced  concrete  panels. 

However,  it  may  be  expected  that  the  brick  panels  will  be  much  more  er¬ 
ratic,  in  behavior  than  the  concrete  panels  and  some  panels  m.ay  fail  at 
loads  below  the  expected  design  strength, 

'W. 
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2.i;*6  Soli  Resistance  imder  Dynamic  Loads 


In  the  design  of  the  footings,  the  condition  of  raoraentaiy  high 
loads  on  the  rear  footings  of  the  buildings  must  be  considered. 
Depending  on  the  height  and  weight  of  the  building  and  the  blast 
pressures  on  the  front,  roof  and  rear  faces,  as  discussed  in  Sec¬ 
tions  and  F,  these  increases  in  footing  pressures  may  be  as 

much  as  five  to  ten  times  the  conventional  dead  and  live  loads  and 
the  footings  must  be  designed  on  this  basis* 

The  conventional  design  criteria  may  be  modified  for  this  tempor¬ 
ary  load  condition  as  loads  of  the  intensity  being  considered  will 
necessarily  cause  considerable  cracking  and  deformation  of  the  build¬ 
ings  with  the  result  that  larger  differential  movement  is  tolerable 
under  blast  loading  than  would  be  the  usual  case*  However,  the  footing 
settlements  should  not  be  so  large  as  to  reduce  the  effective  blast 
resisting  capacity  of  the  structure* 

The  dioration  of  these  high  footing  pressures  is  extremely  short 
and  dynamic  load  tests  (33)  show  that  certain  types  of  soil  Increase 
in  strength  and  stiffness  under  rapid  loading*  In  these  tests  the 
loads  were  applied  in  times  varying  from  0.02  seconds  to  10  minutes 
with  the  following  results: 

(1)  The  shearing  strength  of  clays  and  shales  was  increased  by 
approximately  to  100^ 

(2)  The  shearing  strength  of  sand  was  increased  approximately  10^ 

(3)  The  modulus  of  deformation  of  the  clay  and  shale  was  also  in¬ 
creased  approximately  100^ 

(li)  The  modulus  of  the  sand  was  practically  independent  of  the 
rate  of  loading* 

2*U*7  Effect  of  Live  Load 


The  important  effect  of  the  mass  on  the  frame  strength  necessary 
to  limit  the  lateral  deflections  within  the  desired  limits  led  to  the 
inclusion  of  a  portion  of  the  design  live  load  as  part  of  the  test 
load  of  Buildings  No*  2  to  No*  6. 

Many  practical  difficulties  arose  in  obtaining  a  type  of  loading 
which  would  be  both  representative  of  the  actual  live  load  and  easy 
to  remove* 


(33)  A*  Casagrande  and  W*  L*  Shannon,  “Strength  of  Soils  under  Dynamic  Loads” 
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In  the  design  analysis  this  live  load  is  considered  as  actirg 
integrally  with  the  floor  mass.  To  assure  such  integral  action  it 
was  earlier  suggested  that  the  live  load  should  be  formed  of  precast 
concrete  blocks  bolted  directly  to  the  floor;  however  this  proposal 
was  rejected  on  the  basis  of  added  cost  and  difficulty  expected  in 
removing  such  units  for  the  later  inspection  of  the  floor. 

In  view  of  this,  the  100  p.s.f.  live  load  was  finally  simulated 
by  bags  filled  with  coral  sand.  These  bags  are  to  be  evenly  distribu¬ 
ted  over  the  various  floor  areas  except  in  certain  small  areas  which 
are  left  exposed  to  clear  the  supports  of  the  instruments.  To  prevent 
the  sand  bags  from  moving  excessively  under  the  impact  of  the  blast 
pressure  on  the  building,  they  are  stacked  within  a  network  of  timber 
members  which  are  on  U  foot  centers  in  directions  parallel  to  and 
perpendicular  to  the  front  face  of  the  buildings.  The  timber  members 
are  in  turn  anchored  to  the  floor  slabs  by  short  lengths  of  structural 
steel  shapes  embedded  in  the  concrete. 

The  position  and  condition  of  the  sand  bags  should  be  examined 
and  recorded  before  and  after  the  test  to  assure  the  correctness  of 
assuming  integral  mass  action.  In  addition,  instrumentation  will 
be  provided  to  keep  a  continuous  record  of  any  relative  motion  of 
the  live  load  during  the  motion  of  the  test  structures.  If  post¬ 
test  examination  shows  that  the  live  load  has  moved  with  respect  to 
the  floor,  then  the  effect  of  the  delayed  action  of  the  simulated 
live-load  mass  both  under  acceleration  and  deceleration  must  be  eval¬ 
uated. 

2.1;.8  Shear  in  Reinforced  Concrete  Members 


The  need  for  additional  information  on  the  ultimate  shearing 
strengths  of  concrete  members  is  evident  from  even  a  cursory  study 
of  the  present  status  of  this  phase  of  the  design.  1/tfhile  the  in¬ 
formation  available  on  the  shear  behavior  in  members  under  static 
loads  is  meager,  little  or  none  is  available  for  members  under  dynamic 
loads  and  further  tests  would  certainly  be  useful  in  narrowing  the 
necessarily  broad  limits  of  uncertainty  assumed  in  the  design  of  the 
test  buildings. 

In  the  designs  for  the  test  structure  an  ultimate  shearing 
strength  of  from  6%  to  10^  of  the  compressive  strength  of  the  con¬ 
crete,  as  meas^lred  by  diagonal  tension,  (3U,  35)  was  expected  for 
members  without  shear  reinforcement.  For  3000  p.s.i.  concrete 
this  meant  a  variation  between  180  to  300  p.s.i.  and  sample  meinbers 
were  included  which  cover  this  range,  as  well  as  a  few  members  at 
higher  and  lower  values*  As  these  stresses  are  slightly  higher 
than  the  150  p.s.i.  shear  stresses  successfully  carried  in  the  beams 
tested  under  a  dynamic  load  by  the  Biassachusetts  Institute  of  Tech¬ 
nology,  (7)  in5)ortant  members,  such  as  walls  and  panels  which  should 

Ok)  F.  E.  Turneaure  and  E.  R.  Maurer,  Principles  of  Reinforced  Con- 
crete  Construction 

(35)  W.  A*  Slater,  A.  R.  Lord  and  R.  R.  Zipprodt,  "Shear  Tests  of 
Reinforced  Concrete  Beams" 

(7)  J.  B.  Wilbur,  R.  J.  Hansen  and  K.  Steyn,  "Behavior  of  Reinforced 
Concrete  Structural  Elements  Under  Long-Dxiration  Inpulsive  Loads" 
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not  fail  before  the  frame  receives  the  full  impulse  of  the  loading, 
were  limited  to  a  unit  shear  of  250  p.s.i.  unless  adequate  web  re¬ 
inforcement  was  provided* (36)  The  members  of  the  different  parts 
of  the  test  structure  were  varied  to  determine  the  effect  of  the  jd  , 
the  percentage  of  tensile  steel,  and  the  magnitude  and  distribution 
of  the  compression  stresses  in  the  concrete* 

The  high  intensity  of  the  reflected  pressures  led  to  the  pro¬ 
lific  use  of  web  reinforcement  in  the  front  and  rear  walls  of  test 
Buildings  No.  3  and  No.  U.  As  such  reinforcement  is  expensive  and 
difficult  to  handle  the  behavior  of  the  test  panels  without  this 
web  reinforcement  should  be  carefully  studied  to  find  the  upper  lim¬ 
its  below  which  these  bars  may  be  eliminated. 

Available  data  would  indicate  that  an  ultimate  diagonal  tensile 
strength,  as  measured  by  the  shearing- stress,  of  from  1000  to  I8OO 
p.s.i.  may  be  developed  by  use  of  vertical  web  steel •  Turneaure 
states  that  20%  of  the  concrete  strength  may  be  readily  developed 
and  30^  may  be  developed  by  careful  design.  Without  substantiating 
data  it  might  be  presumed  that  some  further  increase  may  be  expected 
because  of  the  dynamic  nat\ire  of  the  loading. 

In  the  design  of  the  test  buildings  the  shearing  stresses  of 
members  with  shear  reinforcement  were  limited  to  ultimate  unit  shear¬ 
ing  stresses  of  35)  1 

vr  j^0.005fv  +  rfv) 

and  were  computed  on  the  basis  of  the  total  shear  which  existed  at 
a  distance  from  the  support  equal  to  one-half  the  depth  of  the  member, 

where  X  is  the  percentage  of  web  reinforcement 
fv  =  50,000  p.s.i.  s  stress  in  web  steel 

and  V  •  .  y  , — 

b  jd 

and  1.33  is  a  factor  of  safety. 

The  members  were  usually  of  such  a  size  that  the  unit  stresses  are 
below  500  p.s.i.  although  the  limiting  value  was  set  at  750  p.s.i. 

The  total  shear  used  in  the  calculation  was  that  which  existed  at 
a  distance  from  the  support  equal  to  one-half  the  depth  of  the 
member.  (3U) 

Members  subjected  to  direct  stress  as  well  as  the  shearing  stress 
and  members  with  compression  reinforcing  are  expected  to  behave  in 
accordance  with  different  criteria  than  those  listed  above.  Methods 


(36)  F.  E.  Richart  and  D.  L.  S.  Larson,  ”An  Investigation  of  Web  Stresses 
in  Reinforced  Concrete  Beams  Part  II  Restrained  Beams” 

{3U)  F.  E.  Turneaure  and  E.  Maurer,  Principles  of  Reinforced  Con¬ 
crete  Construction 

(35)  V\f.  a7  Slater,  A.  R.  Lord  and  R.  R.  Zipprodt,  "Shear  Tests  of  Rein¬ 
forced  Concrete  Beams" 
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such  as  those  proposed  by  Benscoter  and  I#ogan  (37)  niay  be  adapted 
to  these  conditions# 

The  more  important  members  subjected  to  this  particular  con-  ^ 

dition  are  the  columns  of  the  concrete  Buildings  No.  3  and  No.  5- 

2.I1.9  Bond  Stress  in  Reinforced  Concrete  Members 

The  recent  gains  in  the  popularity  and  the  subsequent  increasing 
availability  of  the  high-bond  type  reinforcing  bars  provide  an  excel¬ 
lent  and  inexpensive  means  for  improving  the  details  of  blast  resist- 
and  structures • 

High  bond  bars  were  therefore  specified  for  all  the  reinforced 
concrete  members  of  the  test  structure  except  the  footings  yAieve 
normal  deformed  bars  were  permitted  necause  of  lower  unit  stresses 
in  these  members  and  because  construction  was  expedited  by  the  use 
of  an  available  stock  pile  of  these  bars. 

The  severe  requirements  for  high  bond  strength  in  the  framing 
may  best  be  described  by  the  following  example.  Buildings  No.  3  3.nd 
No.  5  depend  mainly  on  the  strength  of  the  bents  to  resist  lateral 
deflection  under  the  applied  loads.  These  bents  consist  of  contin¬ 
uous  girders  with  columns  framing  into  the  girder  from  above  and 
below,  the  column  steel  extending  through  the  girder  as  in  conven- 


Under  the  impact  of  the  lateral  load  the  frame  deforms  as 
shown  in  figure  2.U*9-1.  Because  of  the  directions  of  the  bending 
moments  above  and  below  the  joint  the  strain  acts  to  produce  com¬ 
pression  in  the  bars  on  one  side  of  the  girder  and  tension  on  the 

(37)  S.  U.  Benscoter  and  3.  T.  Logan,  "Shear  and  Bond  Stresses  in 
Reinforced  Concrete" 


other.  This  push  and  pull  force  on  the  two  opposite  ends  of  the 
same  bar  is  resisted  onlyty  the  bond  within  the  depth  of  the  joint. 

As  the  steel  will  reach  yield  point  on  each  side  of  the  connection, 
the  anchorage  must  develop  double  the  yield  point  strength  in  a 
relatively  short  length  of  the  bar.  Any  slip  of  the  bar  in  the 
depth  of  the  girder  will  act  to  reduce  the  moment  capacity  of  the 
coliimn  having  the  steel  on  the  compression  side  and  will  increase 
the  strains  of  the  column  on  the  other  side  where  the  same  bar  is 
utilized  as  tension  steel.  Even  if  the  ultimate  strength  is  not 
materially  reduced  by  this  slip,  the  strains  will  be  increased,  the 
resisting  moments  will  develop  at  a  slower  rate,  and  an  additional 
variable  will  be  added  which  will  affect  the  interpretation  of  the 
recorded  motions. 

Tests  by  the  Bureau  of  Standards  (38)  indicate  that  beams 
with  a  20  dLameter  lapped  splice  will  develop  the  yield  point  strength 
of  a  normal  defomed  bar.  These  tests  would  indicate  that  the  bars 
will  develop  at  least  500  p.s.i.  According  to  F.  E.  Turneaure  (3U) 
normal  deformed  bars  will  behave  as  plain  bars  until  the  adhesion  is 
broken  whence  the  average  unit  bond  stress  will  increase  with  great¬ 
er  amounts  of  slip.  This  stress  will  increase  until  the  concrete 
splits  or  the  beam  fails  in  other  ways.  Curves  (a)  and  (b)  of  fig¬ 
ure  2.U*9-2  show  the  slip  required  by  plain  bars  and  deformed  bars 
respectively  to  develop  given  values  of  bond  stress. 


SLIP  OF  BARS- inches 


FIG. 2.49-2 


(38)  R.  ¥.  Kluge  and  E.  C.  Tuma,  ^Lapped  Bar  Splices  in  Concrete  Beams*’ 

Oh)  F.  E.  Turneaure  and  E.  R.  Maurer,  Principles  of  Reinforced  Concrete 
Construction 


A  mor©  recent  series  of  pull-out  test^  was  published  recently  by 
Clark  in  the  American  Concrete  Institute.  (39)  These  tests  were  quite 
exhaustive,  describing  the  resistance  to  slip  of  17  different  types  of 
deformed  bars.  The  slip  was  measured  at  the  loaded  and  free  ends,  4: 

with  three  tests  being  made  for  each  type  of  bar •  These  tests  proved 
that  the  high-bond  type  of  deformation  was  definitely  superior  to  the 
bars  with  the  normal  deformations.  "While  the  test  information  is  not 
presented  in  the  form  desired  in  order  to  show  the  maximum  possible  ^ 

load  at  higher  strains,  they  do  show  bar  stresses  of  from  4O  to  50  k.3.i. 
and  slips  less  than  1  x  10-5  in.  for  an  I8  diameter  embedment  of  bars 
cast  under  the  weight  of  approximately  15  inches  of  wet  concrete# 

TWhile  more  test  data  is  necessary,  the  existing  tests  indicate  fairly 
conclusively  that  the  necessary  bond  resistance  may  be  developed  by 
conventional  use  of  bars  of  high— bond  type  without  reverting  to  other 
special  and  expensive  methods  of  anchorage# 

Ififhile  the  bond  stress  in  the  other  members  of  the  test  buildings 
are  also  fairly  high,  they  are  in  general  less  than  those  in  the  column- 
frame  connections,  and  are  similar  to  the  bond  stresses  in  conventional 
beams  loaded  to  the  ultimate  capacity. 

Rate  of  Loading 

There  is  little  or  no  data  on  the  effect  of  dynamic  loads  on  the 
bond  stress,  the  laboratory  beams  tested  under  dynamic  loads  having 
relatively  low  values  in  both  shear  and  bond#  There  seems  no  reason 
to  believe,  however,  that  the  high-bond  bars,  which  depend  primarily  ^ 

on  bearing,  shear,  and  tension  in  the  concreteywill  not  have  strength 
.  increases  similar  to  that  of  the  concrete  cylinders  under  the  higher 
rates  of  loading# 

2#U#10  Elastic  and  Plastic  Buckling  Stability 

The  local  buckling  stability  of  wide  flange  and  light  gage  members 
under  static  loads  is  discussed  in  section  and  C,  where  numer¬ 

ous  references  are  listed  which  discuss  this  subject  in  detail. 

The  steel  columns  of  the  mill  building,  the  web  members  of  the 
trusses,  and  the  columns  of  the  steel  frame  building,  which  are  de¬ 
signed  to  carry  high  direct  stress  plus  twist  in  the  framed  joints, 
must  also  be  investigated  for  overall  buckling  stability# 

For  static  stresses  within  the  elastic  range  the  procedures  dis¬ 
cussed  in  standard  text  books  (l3),  (l5)  niay  be  used  directly#  For 
dynamic  loading,  studies  published  by  the  National  Advisory  Committee 


(39)  A.  P.  Clarke,  "Comparative  Bond  Efficiency  of  Deformed  Concrete 
Reinforcing  Bars" 

(13)  S.  Timoshenko,  Theory  of  Elastic  Stability 
(l5)  J.  E.  Younger,  Mechanics  of  Aircraft  Structures 
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for  Aeronautics  (32,  UO)  give  valuable  information  for  particular 
conditions 

As  a  conservative  method  for  the  design  of  members  beyond  the 
elastic  limit  it  is  suggested  that  for  any  particular  small  time  inter¬ 
val  the  dynamic  character  of  the  loading  be  disregarded  and  that  the 
members  be  designed  for  axial  loads  sufficiently  beloiv  yield  point 
values  so  that  for  any  given  or  expected  deformation  a  moment  capacity 
can  be  developed  which  will  provide  for  static  load  equilibrium# 

To  achieve  this  condition  it  is  assumed  that  the  axial  loads  are 
carried  at  yield  point  stresses  on  the  area  of  the  member  nearest  the 
neutral  axis,  as  was  assumed  in  calculating  the  fully  plastic  bending 
moment  in  section  2.U.3-E.  The  remainder,  or  outer  portions  of  the 
member  are  assumed  free  to  develop  the  bending  moment  which  provides 
load  equilibrium  in  the  deflected  position*  However,  if  the  unused 
portion  of  the  member  during  any  time  increment  is  capable  of  develop¬ 
ing  the  lateral  bending  plus  the  moment  due  to  the  load  eccentricity 
and  including  the  eccentricity  due  to  the  applied  moments,  the  member 
may  be  assumed  safe* 

If  the  member  is  subjected  to  an  axial  l.oad  great  enough  to  cause 
compression  yield  point  stress  across  the  entire  section,  the  member 
will  be  unstable  and  will  fail  unless  the  load  is  extremely  brief  and 
the  column  mass  is  fairly  high*  This  failure  condition  is  consistent 
with  the  adopted  stress-strain  curve  which  assumed  that  the  stress  does 
not  increase  for  strains  beyond  the  yield  point  value. 

For  specific  designs  it  may  be  necessary  to  investigate  a  few  of 
the  more  critical  conditions  in  further  detail.  As  the  moment  will 
probably  be  variable  in  the  length  of  the  member,  possibly  the  simplest 
method  is  to  use  a  numerical  procedure.  Within  the  elastic  range  the 
method  published  by  Newmark  (Ul)  may  be  applied  directly.  If  the 
stresses  exceed  the  yield  point  this  solution  may  be  extended  as  follows: 

a.  First  the  axial  load  is  assumed  to  be  carried  at  yield  point 
stresses  in  the  area  nearest  the  neutral  axis.  Under  the  assump¬ 
tion  of  constant  resistance  after  the  stress  reaches  this  yield 
point  value,  this  area  will  not  contribute  in  resisting  bending# 

b.  The  remainder  of  the  member  will  contribute  resistance  against 
deflection  and  the  effective  moment  of  inertia  may  be  considered 
as  consisting  only  of  this  unused  portion  of  the  member.  The 
elastic  deflection  under  the  variable  moment  due  to  lateral  loads, 
the  moment  due  to  load  eccentricity,  and  the  moment  due  to  deflec- 


(32)  C*  Koning  and  J.  Taub,  "Impact  Buckling  of  Thin  Bars  in  the  Elastic 
Range  Hinged  at'  Both  Ends" 

(UC)  J*  Taub,  "Impact  Buckling  of  Thin  Bars  in  the  Elastic  Range  for 
Any  End  Condition" 

(Ul)  M*  N.  Newmark,  "Numerical  Procedure  for  Computing  Deflections, 
Moment  and  Buckling  Loads" 
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tion  stresses  may  then  be  computed  by  the^  same  method  as  des¬ 
cribed  above*  The  same  method  may  be  even  further  extended,  if 
the  proper  stiffness  is  used  in  the  various  steps,  to  the  con¬ 
dition  where  the  entire  section  is  just  less  than  fully  plastic. 

Great  accuracy  is  not  required  in  the  methods  of  determining 
the  buckling  stability  of  the  main  frames  as  the  particular  rela¬ 
tionship  of  the  relatively  short  duration  of  the  peak  roof  loads 
(producing  axial  stress)  to  the  high  lateral  loads  (producing 
large  bending  moments  at  the  ends  of  the  of  the  members)  results 
in  member  sizes  more  than  ample  to  provide  buckling  stability. 


Contents 


2.5.1  Introduction 
2.5*2  General  Design  Data 
2*5.3  Design  Procedure 


2.5.1  Introduction 

To  summarize  the  preceding  discussions.  Sections  2*5.2  to  2*5.3  list 
in  outline  form  the  methods  recommended  for  use  in  ‘Uie  design  of  blast 
resistant  structures.  The  procedures  are  siii?)lified  inhereever  deemed 
advisable  and  are  believed,  with  the  exception  possibly  of  the  analysis 
of  frames  with  participating  walls,  to  be  entirely  suitable  for  practical 
use.  It  may  be  expected  that  some  of  the  assun^^tions  will  require  modi¬ 
fication  as  additional  data  becomes  available;  however,  it  is  believed 
that  a  substantial  portion  of  this  data  will  be  furnished  by  the  proposed 
test. 

2*5.2  General  Design  Data 

A.  Increase  in  Strength  with  Rate  of  Loading 

The  effect  of  the  rate  of  loading  on  strength  of  steel  members 
is  summarized  in  figure  2.5*  2-1.  The  derivation  of  Ihis  curve  is 
described  in  Section  2.U.2 

The  time  to  initiate  plastic  strain  may  be  obtained  either  from 
the  natural  period,  if  readily  available,  or  by  confuting  the  time  re¬ 
quired  to  reach  yield  point  stress  using  a  step-by-step  process  and  a 
stress-strain  curve  increased  beyond  static  yield  point  by  an  assumed 
amount  which  in  turn  may  be  confimed  or  modified  by  trial. 


^yp  in  sec. 


FIG.  2.5.2-I 

The  effect  of  rate  of  load  on  the  strength  of  reinforced  concrete 
flexural  members  is  included  in  the  suggested  resistance  function  as 
given  in  Section  2.5.2-C  below. 
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B*  Design  Constants  for  Members  under  Dynamic  Loads 


/ 

1.  Simple  Beams  or  Slabs  with  Concentrated  Loads  at  Midspan 


Load  Mass  Factor  =  LMF  = 

R  =  End  Shear  corresponding  to  static 
resistance 

S  =  Total  Reaction  at  any  instant 


=  R 


2.  Fixed  End  Beam  or  Slab  irLth  Concentrated  Loacteat  Midspan 


LMF=-f 

Mo  =  Moment  at  the  support 
Me  =  Moment  at  Midspan 


S  =  R—  '^(■f — 


3,  simple  Bean  or  Slab  with  a  Uniform  Load 

LMF  s  -4- 


R  =  End  Shear  corresponding  to  static 
resistance 

s  =  R+-^(-^-R) 


ll.  Fixed  End  Beam  or  Slab  Trith  a  Uniform  Load 

LMF  =-l- 


M^j  =  Moment  at  the  supports 
Mo  =  Moment  at  Midspan 

„  4(Mo+Mo) 


s=  r+4-(-|“-R) 
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5*  Square  Panel  under  Uniform  Load 


LMF  =  1/2 

Mg  =  Total  moment  along  failure  plane  at 
support 

M,yi  =  Component,  perpendicular  to  the  sup¬ 
porting  edge,  of  all  the  moments 

along  the  failure  planes  of  each 
triangle 

„  .  Ms  +  Mm 


rH(^-r) 


6.  Rectangular  Panel  under  Uniform  Load 


ii 

11 


a)  Triangular  Sections]  Same  as  for 

square  panel  (case  5) 

b)  Same  as  for  one-way  slab  (case  i;) 


7*  For  Any  Other  Shape  under  Uniform  Load 


Mg  =  Total  moment  along  failure  plane  at 
support 

e  g.  of  Area  M|^  =  Total  component  perpendicular  to  sup^ 
^  porting  edge,  of  all  moment  along 

j  the  interior  failure  planes 

=  Moment  of  inertia  about  an  axis 

through  center  of  gravity,  parallel 
to  supporting  edge 

t 

W  =  Total  load  on  area 

V  LMF  =  , 

-  ]  ®  where  p  =  radius  of  gyration 

about  supporting  edge 

Mg  +Mm 


S  =  R  + 


(W-R) 
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C.  Resistance  Functions 


The  resistance  functions  may  be  obtained  by  the  design  methods 
stated  in  the  following  sections; 

1,  Reinforced  Concrete  Members 

^ending  without  axial  load.  Section  2 •1^*3  H 
Combined  bending  and  axial  load.  Section  2*U*3  I 

2.  Members  of  Structural  Steel 


Bending  without  axial  load.  Section  2*U*3  D 
Combined  bending  and  axial  load,  Section  2*ii*3  F 

Except  for  quick  acting  simple  and  restrained  beams,  the  resist¬ 
ance  function  will  be  of  the  type  shown  in  figure  2 .2-2  with 
some  modification  if  subjected  to  axial  load,  ^e  arbitrary 
limit  for  the  use  of  this  curve  will  depend  on  the  time  required 
to  initiate  plastic  strain.  Figure  2.5. 2-2  will  be  assumed  to 
apply  for  all  cases  where  the  time  necessary  to  reach  yield 
point  is  greater  than  0.01  seconds. 


F1G.2. 5,2-2 

Members  loaded  to  yield  point  in  less  than  0.01  seconds 
may  be  assumed  to  have  a  resistance  function  varying  with 
respect  to  time  rather  than  displacement  (see  Section  2.U*3)* 
This  results  in  simplifications  of  the  design  of  the  bulk  of 
the  component  members  of  the  structure.  The  resistance  function 
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for  these  members  is  shoira  in  figure  2. 5 *2-3 


> 


ji 


r 


LlI 

o 


< 

h- 

— 

(/) 

UJ 

cr 


Dynamic  Resistance 

static  Resistance 

t=.0075  sec. 

TIME 


FlG.2.5.2-3 


2*5*3  Design  Procedure 

A»  Curtain  Walls  and  Slabs 


Notation; 


Zq  =  Section  modulus  required  to  resist  the 
dynamic  load 

Mp  =  Moment  due  to  the  dynamic  load  (will  be 
some  multiple  of  the  static  moment) 

Mg  =  Calculated  moment  using  the  peak  dynamic 
load  as  a  static  load 


o*^  s  Permissible  stress  under  static  load 
S 

cr^  =  Permissible  stress  tinder  the  dynamic  load 
=  C '  (Tg  where  C  j  may  be  obtained 
from  figure  2 #5 •2-1 

T  =  Natural  period  of  vibration  of  the  member 
t  =  Time  during  which  the  member  is  deflecting 


1.  One-Way  Members 


a*  Light  weight  brittle  members 

"  “■(I  ‘'t 

the  required  Section  Modulus  being  less  than  twice  that 
required  for  a  static  load  of  the  same  intensity  because 
the  value  of  will  be  greater  than  cr^  • 
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b.  Light  Weight  Ductile  Covering  (allowing  a  maximum  rotation 
~  within  any  plastic  hinge  of 

0*125  radians) 

Mp  I.IOMs 

Me 

However,  Zq  shall  not  be  less  than  required  by  -gr—  if 
the  pulse  is  essentially  rectangular  and  of  load  ® 
duration  a  t  greater  than  3T  • 


c*  Heavy  Ductile  Members  (allowing  maximum  rotation  within 

any  plastic  hinge  of  0.125  radians) 


Case  I:  For  a  pulse  with  a  zero  time  of  rise  and  a 
constant  or  near  constant  value  thereafter: 


I.IOMs 


if  “5“  <  t  <  3T 


However,  if  the  duration  of  the  load  is  longer 
than  the  expected  duration  of  the  increase  of 
strength  due  to  rate  of  loading,  assumed  at  3T* 
the  design  section  modulus  shall  not  be  less 
than  required  to  carry  the  load  at  the  per¬ 
missible  stress  under  static  load,  or  2*  =  Mgyf^g* 

Case  II:  If  the  applied  load  varies  with  respect  to  time 

and  the  resistance  function  is  known  with  respect 
to  time  as  shown  in  figure  2.5*2-3s 

a.  Assume  a  member  size  (the  methods  of  Case  I  may  be 
used  for  the  first  trial)  and  estimate  its  static 
strength. 

b*  Compute  the  natural  period  of  the  assumed  member. 

c.  Estimate  the  expected  increase  in  strength  using 
figure  2.5*2-1*  Establish  the  resistance  function 
with  respect  to  time.  (See  section  2*5*2  C*) 


> 


d*  Select  time  stations  . ,  such  that  each 

time  interval  tf  -  is  a  constant  time  interval. 

Record  in  column  (ij  of  the  table  in  figure  2*5*3-l 

e.  From  the  given  loading  curve  obtain  the  average 

unit  load  pressure  P  acting  during  the  time  ^ 

intervals  (f|““U . ♦  Convert 

these  unit  pressures  to  total  loads  P  and 
record  in  column  2. 
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f .  From  the  resistance  function  obtained  by  step  (c) 
find  the  average  total  member  bending  resistance 
for  each  time  interval.  Record  this  value  in 
column  3. 

g*  Add  the  net  average  impulse  P-R  for  each  time 
interval  to  the  total  impulse  of  the  preceding 
time  station  thus  providing  the  total  impulse  of 
each  time  . t|  .  Record  in  column  U* 

h.  Sum  the  total  impulses  of  column  U  thus  obtaining 
the  summation 

i.  Multiply  the  total  mass  by  the  load-mass  factor 
to  obtain  the  equivalent  mass  (me)  «  The  load- 
mass  factor  (L«M*F*)  may  be  obtained  from  the 
table  of  constants  listed  in  section  2.5,2  B. 

j.  Multiply  the  simnmation  of  the  impulses (S [ 2(P-R )]) 
by  the  necessary  constants  thus  obtaining  the 
total  deflection.  If  the  deflection  is  unsatis¬ 
factory  choose  a  new  beam  size  and  repeat  steps 
(a)  to  (j). 


(S[2(P-R)])  . 


A 


1 

2 

3 

4 

t 

P 

R 

XI 

X( P-R ) 

to 

0 

t, 

t2 

— 

tf-i 

— 

tf'- 

0 

(5)  SCEP-R]  = 

8  = 


l[lP-R]At^ 

^eff 


I.  Analysis  complete  at 
FIG.  2.5.  3-1 
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Case  III;  For  slower  acting  members  in  which  the  resistance 
^  ^  function  with  respect  to  deflection  rather  than  with 

respect  to  time  must  be  used,  prepare  a  table  similar 
to  the  table  in  figure  2. 5 •3-1  of  the  preceding  example 
but  extend  it  to  include  tabular  columns  giving  the 
actual  deformation  for  each  time  interval*  Compute 
deformations  as  outlined  below  and  as  illustrated  by 
the  table  in  figure  2*5 .3-2. 

Then 

a*  Choose  a  convenient  time  for  each  time  station*  Compute 
the  time  interval  At  between  each  time  station*  Record 
in  columns  1  and  2  of  the  table  in  figure  2. 5 *3-2* 

b.  Record  the  average  applied  pressure  P  for  each  time 
interval  in  column  3. 

c*  Obtain  the  load-^ass  factor  from  Section  2*5*2  B.  Use 
the  same  mass  factor  throughout* 

d.  Vi/ithin  the  elastic  range: 

1.  Assume  a  resistance  for  the  first  time  interval* 

2.  Calculate  the  deflection  during  the  first  time 
interval  using  the  resistance  assumed  in  step  1* 

3.  Check  the  calculated  deflection  against  the  resist¬ 
ance-displacement  curve*  If  the  assumed  resistance 
does  not  agree  with  the  actual  resistance  for  the 
calculated  deflection,  pick  a  new  resistance  and 
repeat  steps  1  and  2* 

U*  When  the  calculated  deflection  checks  the  trial 
resistance,  record  R  and  advance  to  the  next  time 
increment.  The  trials  will  converge  quickly# 

e.  In  the  plastic  range  the  resistance  is  known  and  is 
constant  for  each  step. 

The  computations  may  be  simplified  by  adding  column  12  to  the 
table  in  figure  2*5 #3-2.  Then  the  R-  value  for  deflections 
within  the  elastic  range  may  be  computed  by  using  colximns  1  to  11 
as  described  in  steps  (d-1)  to  (d-U).  Steps  5  to  11  are  not 
needed  (as  the  value  of  R  is  known  and  constant  for  all  steps) 
beyond  the  elastic  range.  Column  12  is  then  filled  and  summed 
similar  to  Case  II. 
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Chosen  Time  Stations 


I  Plostic  State  Reached  At  tp 
2,Analysis  Complete  At  tf 


FlG.2.5.3-2 


2.  Slabs 


a.  Square  Panels 

The  analysis  of  the  square  panels  is  identical  to  the  analysis 
of  the  one-Tiay  members  as  described  above,  except  that  the  loading 
constants  and  the  load-mass  factor  will  be  as  noted  in  Section 

2.5.2. 
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b 


Rectangular  Panels 


Rectangular  panels  may  be  considered  as  being  composed  or 
both  triangular  and  one-way  slabs  as  shown  in  figure  2 *5 •3-3 • 
The  end  portions  ABCD  and  A’^BSC^D*  are  analyzed  as  triangu¬ 
lar  panels  in  the  same  manner  as  described  above  for  square 
panels.  The  center  portion  B,D,BSD^  ^^7  ^  analyzed  as  a 
rectangular,  one  way  slab* 


B*  Frames 

1.  Frane  action  Without  Wall  Participation 

a.  Find  the  static  resistance  function  for  the  columns  under  vary¬ 
ing  axial  loads  as  a  function  of  deflection.  Sketch  a  curve 
through  calculated  points  thus  pix)viding  a  continuous  resisting 
function • 

b.  Estimate  the  increase  in  yield  point  due  to  {^y-namic  loading 
(use  figure  2 •2-1)* 

c.  Confute  and  tabulate  the  axial  load  on  the  columns  for  each  time 

interval tp”"  I  during  the  expected  time  of  motion. 

d.  Confute  and  tabulate  in  the  table  in  figure  2.5*3-li  the  average 

translational  blast  forces  for  a  sufficient  number  of  sioi table 

time  increments  t  -  t  to  cover  the  expected  duration  of 
. .  n-i 

motion# 

e^  The  analysis  of  the  frame  motion  will  then  proceed  similar  to 
the  analysis  of  heavy,  ductile  members,  with  the  following 
exceptions  s 

(1)  While  the  motion  of  each  floor  is  analyzed  separately,  the 
analysis  of  all  floors  proceeds  simultaneously,  and  the 
relative  deflections  of  the  floors  are  tabulated  at  the  end 
of  each  time  increment# 
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(2)  The  net  resistance  to  each  floor  is  the  algebraic  sum  of 
the  column  shears  acting  above  and  below  the  flooro  The 
shears  are,  of  course,  determined  by  the  column  moments 
which  exist  during  the  particular  time  interval,  the 
^  moments  in  turn  being  a  function  of  the  axial  load  and  the 

relative  deflections  of  the  floors  at  that  particular  time. 
Comparative  studies  show  that  the  redistribution  of  moments 
and  shears  due  to  elastic  frame  action  can  be  ignored  com¬ 
pletely  without  introducing  sensible  errors  except  in  the 
computation  of  column  loads  and  moments  on  the  foundations. 

f .  The  design  procedure  for  each  floor  level  is  illustrated  in  the 
table  in  figure  A  sufficient  nvimber  of  trials  must  be 

made  for  each  time  interval  so  that  the  estimated  value  of  R 
given  in  colixmn  lii  agrees  with  the  computed  value  given  in  column 
13  of  the  table* 

g*  During  the  late  stages  of  the  forward  motion,  some  columns  re-enter 
the  elastic  range  and  in  some  cases  the  moments  reverse*  Provi¬ 
sion  for  this  reversal  must  be  made  in  the  determination  of  the 
resistance  function  of  the  columns* 

w  2.  Frame  Action  Including  Wall  Participation 

The  analysis  of  frames  in  which  the  exterior  walls  participate 
in  the  frame  action,  while  entirely  possible  as  used  in  the  design  of 
^  the  test  structures,  is  not  yet  sufficiently  simplified  to  be  consid¬ 

ered  as  a  practical  design  method.  In  general,  the  analysis  proceeds 
in  the  same  manner  as  outlined  for  multi-story  frames  without  wall 
participation  except  that  the  distribution  of  the  lateral  loads  to  the 
various  floor  levels  is  dependent  on  the  configuration  of  the  contin¬ 
uous  front  and  rear  wall  panels,  which  is  determined  by  the  relative 
deflections  of  the  building  as  a  whole.  Hence  both  the  wall  shears 
and  the  coltunn  shears  are  functions  of  the  relative  deflections  of 
the  various  floors,  and  both  must  be  determined  by  successive  trials* 
The  analysis  of  the  wall  panels  at  the  end  of  each  trial  is  the  only 
modification  necessary  to  the  procedure  outlined  above  for  the  analy¬ 
sis  of  frame  action  without  participation  of  the  walls.  A  detailed 
description  of  the  analysis  is  made  in  Section  2*]4o5-C-U  and  a  sample 
calculation  is  shown  in  Appendix  A-5» 
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Lood (Known) 


Assumed  Average  Resistance 


R=  r-rg  =  Total  Average 
Resistance  During  At 


Calculated  Average  Resistance  Of 
Columns  Supporting  Floor  Above 


-F-  Tn-i  -I-  rn 
'  ■  2 


Calculated  Resistance  At  tp  Of 
Columns  Supporting  This  Floor 


Total  Deflection  Of  This  Floor 
Relative  To  Floor  Below 


Deflection  Of  This  Floor  Relative 
To  Floor  Below 


Deflection  Of  Floor  Below 
During  At 


V 


AX  =  V 


_  m  Af 

''•77  -m 


77  m  _ 


Vn-i+  Vn  /  m 


Z  F  -  R  =  Z  AV 


Net  Translotional  Force  During  At 


^  Chosen  Time  Stations 


.  Analysis  completed  at 


PART  III.  INSTRUMENTATION  AND  SURYEI  OF  THE  BDILDINGS 


Contents 

3  •!  General 

3*2  Types  of  Measurements 

3  #3  Types  of  Instruments 

3  aU  Summary  of  Desired  Information 

3*5  Form  in  Which  Instrument  Data 
Should  be  Presented 


3*1  General 

Under  even  the  most  favorable  circumstances,  observations  dealing 
merely  with  the  survival,  or  the  non-survival  of  the  various  test  struc¬ 
tures  will  give  little  inf ormation  concerning  design  procedures  and 
characteristic  behavior  of  materials  under  dynamic  loads  unless  the 
characteristics  and  intensities  of  the  applied  loads  are  known  in  detail* 
Attea^ts  to  compare  the  degrees  of  damage  suffered  by  the  various  types 
of  buildings  may  be  little  more  helpful,  since  the  diffexent  buildings, 
having  different  modes  of  failure  depending  on  the  relative  sensitivity 
of  each  type  to  different  intensities  and  ii^ulses,  have  no  common  scale 
on  Tdiich  the  various  types  of  buildings  can  have  their  respective  dam¬ 
ages  properly  rated* 

Furthermore,  information  is  needed  to  show  the  modifications  nec¬ 
essary  in  the  design  procedures  so  that  any  building  may  be  designed  to 
resist  any  specif iel blast  loading* 

In  view  of  this  it  would  be  unwise  to  conduct  the  intended  tests 
without  devoting  a  respectable  fraction  of  the  total  funds  to  a  scien¬ 
tifically  worked  out  program  of  instrumentation  carefully  chosen  to  pro¬ 
vide  the  necessary  basic  information* 

In  order  to  judge  the  minimum  number  and  types  of  records  that 
would  be  most  suitable,  various  methods  for  utilizing  measurements  in 
the  intended  post-test  analysis  were  studied  and  based  on  these  stud¬ 
ies  a  recommendation  for  minimum  instrumentation  was  included  in  the 
preliminary  report*  This  report  was  then  discussed  at  a  meeting  with 
the  contracting  authority  and  all  of  the  special  consultants* 

After  the  decision  was  made  by  the  contracting  authority  to  have 
the  supply.  Installation,  and  operation  of  the  instruirffints  handled  by  a 
special  separate  group,  a  further  meeting  was  held  in  the  contractor's 
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office  at  which  time  a  representative  of  the  contracting  authoritj. 

Dr*  R.  J.  Hansen,  who  formulated  the  final  instrumentation  layout,  and 
representatives  of  the  contractor  restudied  the  question  of  the  instru¬ 
mentation,  esjpanding  the  scope  as  permitted  by  the  ejqjected  allocation 
of  available  funds*  Drawings  showing  the  location,  type,  and  number 
of  instrioments  were  then  prepared  by  a  separate  contractor* 

Under  the  circumstances  it  seems  best  to  describe  the  final  in-  iL 

strumentation  layout  merely  by  including  certain  of  the  above  described 
drawings  in  a  later  section  of  this  report*  (See  Appendix  U*) 

On  the  basis  of  the  several  given  estimated  pressure  loadings,  this 
contractor  furnished  computed  values  for  the  expected  accelerations, 
velocities,  and  displacements  of  the  various  buildings,  frames,  and 
structural  members  to  help  judge  the  estimated  range  required  for  each 
of  the  numerous  instruments.  Tabulated  estimates  of  these  maxinmm  pMs- 
sures,  accelerations,  velocities,  and  displacements  which  the  various 
gages  may  have  to  measure  will  also  be  included  in  a  later  section* 

(See  Appendix  h*) 

In  anticipation  of  a  complete  report  by  the  instrumentation  contrac¬ 
tor,  the  instrumentation  will  be  discussed  only  in  a  general  way  in  this 
report.  This  planned  instmimentation  layout  in  addition  to  the  survey 
of  the  building  before  and  after  the  test  should  meet  all  reasonable 
requirements  for  test  records  even  after  making  liberal  allowances  for 
inevitable  percentage  of  instrument  failures  and  for  possible  losses  ^ 

of  records  from  collapses  of  the  structures*  The  instrumentation  pro¬ 
gram  seems  adequate  and  well  balanced* 


3.2  Types  of  Measurements 

The  design  procedures  in  the  case  of  buildings  resistant  to  A-bomb 
blast  must  be  based  essentially  upon  the  dynamic  behaviors  of  the  struc¬ 
tures  under  large  and  rapidly  varying  loads*  For  ai^  reasonably  conq?lete 
knowledge  of  dynamic  behavior,  a  number  of  continuous  timed  records  are 
essential* 

Theoretically,  the  quantity  measured  may  be  velocity,  acceleration 
or  displacement  since  the  time-velocity  cuinre,  and  the  time-acceleration 
curve  follow  directly  from  the  time-displacement  curve  as  successive 
derivatives  and  one  curve  can  be  had  from  any  of  the  others*  It  there¬ 
fore  is  theoretically  immaterial  whether  the  selection  is  acceleration- 
meters,  velocity— meters,  or  displacement— meters  and  the  decision  in 
different  cases  may  be  on  the  basis  of  convenience  or  other  practical 
considerations*  Velocity-meters  have  apparently  little  to  recommend 
them.  Displacement-meters  capable  of  measuring  absolute  displacements 
of  more  than  a  couple  of  inches  may  be  difficult  to  design.  % 

It  also  does  not  seem  too  Important  whether  absolute  measurements 
(referred  to  space)  rather  than  relative  measurements  (referred  to  some 
other  point  in  the  moving  structure)  are  selected.  However  as  the  error  ^ 
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in  an  absolute  measurement  is  unaffected  by  the  error  in  any  other 
measurement,  that,  in  itself,  is  an  advantage*  But  "where  interest 
is  primarily  centered  in  the  inter-stor^"  horizontal  displacement,  as 
in  studying  the  horizontal  inter-story  resistances  in  a  frame  struc¬ 
ture,  it  may  be  simpler  and  more  accurate  to  measure  the  relative 
displacements  directly  rather  than  to  deal  with  the  difference  be- 
tureen  measurements  of  the  absolute  displacements  of  the  two  adjacent 
stories* 


As  either  type  of  measurement  offers  its  oTm  special  advantages 
and  disadvantages  in  the  individual  case,  the  choice  of  absolute  vs* 
relative  measTirements  is  best  settled  in  each  case  by  judgement* 


>es  of  Instruments 


The  various  types  of  instrximents  usable  for  this  test  are  perhaps 
most  clearly  and  briefly  classified  according  to  the  ways  in  iNhich  they 
combine  four  attributes  fi:om  the  four  groups  in  table  (3*3)* 


w 


% 


Table  3*3 


GROUP  ATTRIBUTE 


1. 

variable  measured 

1.1 

blast  pressure 

1.2 

acceleration 

1.3 

velocity 

l.ii 

displacement 

2. 

character  of  measurement 

2.1 

absolute  value 

2.2 

relative  value 

3. 

type  of  recoil 

3.1 

continuous  record 

3.2 

indication  of  maxim'um 

1*. 

method  of  recording 

U.i 

self  recording 

k.2 

distant  recording 

It  has  been  previously  explained  and  emphasized  that,  since  dynamic 
behavior  is  being  analyzed,  it  is  essential  to  have  a  number  of  measure¬ 
ments  as  continuous  functions  of  time*  Self  recording  instruments  are 
cheaper  and  handier*  Their  magnetic  tape  records  are  perhaps  not  very 
readily  damaged,  and  the  chances  of  catastrophic  collapse  of  structures 
in  ■which  they  are  placed  are  probably  extremely  small.  Nevertheless, 
to  insure  positively  that  a  good  number  of  continuous  records  up  to  the 
time  collapse  will  survive  in  the  worst  case,  self-recording  instruments 
are  not  exclusively  relied  on*  Both  self-recording  and  distantly  re- 
coi^iing  instruments  are  represented  in  different  proportions  in  the 
intended  layout* 

Caution  should  also  be  exercised  to  avoid  omitting  other  types  of 
measurements  merely  because  continuous  measurements  are  the  best  and 
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only  kind  which  can  lead  to  ideal  solutions*  There  is,  however,  often  a 
surprising  amount  of  information  to  be  had  from  a  knowledge  of  the  maxi¬ 
mum  relative  displacement  alone* 

Where  there  is  no  permanent  relative  displacement,  a  gage  of  some 
sort  is  needed  to  indicate  what  the  maximum  relative  displacement  has  been. 
Where  there  is  relative  permanent  displacement  (measurable  by  surveying  the 
structure  before  and  after  the  test)  it  is  necessary  only  to  correct  per¬ 
manent  displacement  for  elastic  rebound  in  order  to  have  maximum  displace¬ 
ment* 


The  only  exception  is  where  relative  motion  has  reversed  its  direc¬ 
tion  after  maximum  relative  displacement  has  occurred*  But  aside  from 
those  cases  where  it  is  known,  or  even  only  suspected  that  this  has  occured, 
there  will  remain  large  numbers  of  cases  where  survey  measurements  can  be 
used  with  confidence* 

The  self  recorded  instrumentation  will  therefore  be  an^jlified  by  sur¬ 
veys  of  the  buildings  before  and  after  the  test*  Locations  of  permanent 
bench  marks  on  the  test  structures  are  shown  by  the  contractor  on  a  special 
drawing  which  has  been  sent  to  the  builder  of  the  test  structures;  this 
drawing  is  shown  on  Sheet  13,  Appendix  7  of  this  report.  To  decrease  the 
probable  errors  in  recording  the  permanent  displacements  determined  in  this 
way,  the  measurements  should  be  checked  both  before  and  after  this  test* 

Besides  the  instruments  shown  in  Appendix  ii,  numerous  auxiliary  stress- 
strain  gages  and  gage  points  will  be  provided  in  the  steel  beams  and  col¬ 
umns  and  on  the  reinforcing  steel  of  the  concrete  beams  and  columns# 

Most  of  the  instruments  will  be  located  on  the  heavy  concrete  panels, 
the  franes,  and  the  shear  walls*  The  thin  coverings  on  the  end  panels  are 
so  numerous  and  so  difficult  to  instrument  that  these  members  were  pro¬ 
vided  through  a  range  of  strength  so  as  to  be  self  recording*  It  is  nec¬ 
essary  only  to  know  the  applied  pressures,  the  type  of  failure,  and  the 
maxintum  girt  spacing  on  which  the  coverings  did  not  fail. 

Surfaces  of  all  concrete,  and  of  all  structural  steel  members,  should 
be  whitewashed  to  make  cracks  in  the  concrete  more  visible,  to  indicate 
plastic  flow  in  the  steel,  and  to  improve  photography*  Photography  should 
be  exceedingly  complete  because  it  may  be  the  only  way  of  clearing  up 
doubtful  points  of  which  the  full  importance  is  not  immediately  realized# 

As  described  earlier,  the  live  load  is  simulated  by  means  of  sand  bags 
stacked  in  a  more  or  less  evenly  distributed  fashion  on  the  floor*  These 
sand  bags  are  restrained  against  lateral  motion  by  timber  bulkheads  placed 
on  1;  ft.  centers  in  each  direction.  A  method  of  instrumentation  should  be 
devised  whereby  any  motions  of  this  load  with  respect  to  the  floor  will  be 
known  for  the  post-test  analysis* 

In  addition  to  the  above  information^ cylinders  and  test  beams  are  re¬ 
quired  by  the  Technical  specifications  for  contract  WU9-129~eng-li;8 •  These 
specimens  will  provide  samples  of  actual  construction  materials  for  later 
static  and  dynamic  tests* 


3  Suimnaiy  of  Desired  Information 

A  -  Pressurest 

Time-pressure  curves  are  needed  in  a  sufficient  number  of 
places  to  give: 

1*  A  complete  pattern  of  pressures  on  the  exterior  sides  of 
the  fronts  rear,  wnd  end  walls* 

2*  A  complete  coverage  of  the  roof  surface  including  the 
pressiires  reasonably  near  the  front  edge* 

3*  Pressures  on  the  inner  walls  of  the  building  with  windows. 

li*  Presstire  on  the  footing  projecting  beyond  the  front  wall. 

5*  Some  interior  pressures  to  check  the  net  pressure  acting 
on  the  wall  and  roof  panels. 

6.  The  pressures  in  the  entranceway  and  doors  of  the  personnel 
shelter. 

7*  The  earth  pressures  beneath  the  footings  of  the  main  test 
structure  and  around  the  sides  and  circumference  of  the 
personnel  shelter. 

B  -  Continuous  Records: 

1.  Continuoxis  recox ds  of  accelerations,  velocities  or  dis¬ 
placements  should  be  provided  in  sufficient  numbers  to 
check  or  corroborate  the  expected  action  of  all  types  of 
one-way  members . 

2.  The  same  type  of  readings  should  be  provided  to  define  the 
relative  horizontal  and  vertical  displacements  of  the  var¬ 
ious  floor's  of  the  different  buildings# 

3#  A  continuous  record  should  be  provided  which  will  show  the 
behavior  of  the  live  load  with  respect  to  the  floor# 

li.  If  possible,  continuous  strain  measurements  should  be  ob¬ 
tained  which  will  show  the  axial  load  on  the  various 
columns  * 

C  -  Pemanent  Recoi'ds; 

1.  A  complete  system  of  bench  marks  should  be  established  so 
that  the  permanent  floor  and  panel  displacements  may  be 
accurately  established. 

2.  Numerous  closely  spaced  gage  points  should  be  provided  adja¬ 
cent  to  the  connections  of  the  beams  and  columns  to  show  the 
unit  strain  and  the  total  length  of  the  plastic  hinges. 
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3  m  Strain  points  should  be  established  if  possible  which  will 
Indicate  the  slip  in  the  connections  and  the  rotation  of 
the  coliinn  bases* 

D  -  photographs j  Drawings  and  Descriptions: 

Photographs,  drawings  and  written  discussion  should  describe 
every  type  of  behavior  which  can  be  Judged  by  the  visual  po8t**test 
examination  of  the  structure.  This  information  should  include  the 
general  patterns  of  behavior  and  should  note  indications  of  local 
bond,  shear,  or  bending  failure. 

E.  Test  Specimens: 

1,  Sufficient  test  specimens  should  be  taken  to  provide  an 
accurate  estimate  of  the  actual  static  strength  of  the 
materials  used  in  the  test  buildings. 

2.  Additional  test  specimens  should  be  provided  so  that 
later  dynamic  tests  may  be  undertaken  in  the  laboratory 
where  necessary  to  substantiate  points  not  otherwise  cov¬ 
ered  in  the  test  structure. 


3.5  Form  in  llihich  Instrument  Data  Should  be  Presented 

The  primaiy  purpose  of  the  measurements  which  will  be  recorded 
on  this  test  is  to  make  the  data  conveniently  available  for  use  in 
certain  dynamic  problems  of  structural  engineering,  and  the  report  of 
the  instrument  group  should  be  prepared  with  this  in  mind. 

The  personnel  making  the  post— test  analysis  may  not  be  as  well 
prepared  as  the  group  doing  the  instrumentation  to  do  the  work  of 
fitting  individual  points,  eliminating  instrumental  errors  and  irreg¬ 
ularities,  and  integrating  and  differentiating  these  curves  by  various 
methods  which,  in  the  hands  of  different  individuals,  would  probably 
give  minor  but  annoying  discrepancies. 

It  is  therefore  recommended  that  the  report  of  the  instrument 
group  include  (a)  time— pressure  curves  smoothed  only  as  necessazy 
to  eliminate  instrumental  errors  and  irregularity  from  all  the 
blast  records,  (b)  similarly  smoothed  time-acceleration,  time-vel¬ 
ocity  and  time-displacement  curves;  i.e.  all  three  of  these  curves 
regardless  of  whether  only  displacement-meters  or  acceleration-meters 
were  used. 


PART  IV.  recommended  PROCEDURE  FOR  THE  ANALYSIS  OF  FIELD  MEASUREMENTS 


V/hile  every  possible  care  was  exercised  to  use  past  experience  and 
available  test  data  as  the  criteria  ior  the  design  of  the  test  structures, 
numerous  questions  still  arose  y&ii.ch  could  not  be  definitely  answered  on 
the  basis  of  available  information.  Some  of  these  were  necessarily  set¬ 
tled  in  a  somewhat  arbitrary  manner,  while  others  are  subject  to  the  un¬ 
certainties  involved  in  extrapolating  data  from  static  to  dynamic  condi¬ 
tions  and  in  considering  strains  beyond  the  elastic  range. 

These  uncertainties,  as  discussed  in  Part  II,  concern  the  loading  on 
the  various  parts;  the  d^amic  behavior  of  the  materials;  the  basic  as¬ 
sumptions  in  the  design;  and  the  appropriateness  of  the  simplifications 
used  in  the  design  analysis. 

It  is  believed  that  the  major  errors  are  likely  to  occur  in  the  pre¬ 
dicted  pressure  loadings  as  so  many  factors  can  contribute  to  error  both 
in  the  estimate  of  the  explosive  equivalent  of  the  bomb  and  in  the  com¬ 
plicated  analysis  of  the  shock  wave  effect.  While  the  information  pro¬ 
vided  to  the  contractor  is  based  on  a  studied  analysis  by  leading  author¬ 
ities  and  represents  the  best  estimate  possible;  it  must  be  emphasized 
that  relatively  minor  differences,  percentagewise,  between  the  actual 
and  predicted  forces,  whether  in  intensity,  duration  or  distribution,  will 
have  a  major  effect  on  the  behavior  of  the  test  structures. 

It  is  necessary,  therefore,  that  a  careful  study  be  made  of  the 
entire  question  of  applied  pressures.  This  means  an  examination  of  the 
recorded  pressure  readings,  including  a  consideration  of  the  sensitivity 
and  accuracy  of  the  instruments,  and  a  synthesis  of  new  loading  curves 
similar  in  form  to  those  originally  furnished. 

It  would  seem  that  this  study  can  best  be  made  by  a  cooperative 
effort  on  the  part  of  the  group  furnishing  the  initial  theoretical  pres¬ 
sure  curves  and  the  contractor  specializing  in  the  instrumentation.  The 
reconstructed  pressure  loadings  obtained  from  the  analysis  must  be 
correct,  otherwise  their  use  on  the  various  structures  would  result  in 
erroneous  modifications  of  the  proposed  design  procedures* 

It  would  be  preferable  if  this  data  could  be  furnished  iranediately 
after  the  completion  of  the  test  (and  without  unnecessary  delay  for 
completing  those  other  parts  of  the  instrument  group *5  report  which 
cannot  be  used  until  after  the  blast  pressure  data  is  used). 

When  blast-pressures  are  known,  all  calculations  relating  to  be¬ 
havior  of  the  structures  must  be  repeated,  using  the*  nCTly  derivecrvalues 
for  Iplast  pressures  and  the  actu^  st^^  of  the  material.  Only  after 

this  is  done  can  the  post-test  analysis  be  properly  appraised* 

The  personnel  wno  made  the  original  computations  for  the  design  of 
tnese  structures  made  repeated  revisions  in  the  test  buildings  to  conform 
with  revised  estimates  of  blast  pressure.  It  is  believed  that  this  same 
group  would  not  find  this  additional  recomputation  too  lengthy  a  process 
for  the  Single  specific  set  of  loads  found  on  the  test  structures.  It  is 
also  believed  this  work  could  proceed,  while  the  instrument  group  was 
completing  the  rest  of  its  report. 


As  previously  mentioned^  the  group  in  charge  of  the  insti^umentation 
would  seem  to  be  in  the  best  position  to  assess  the  accuracy  of  the  instru¬ 
ments,  to  correct  the  irregularities  in  the  data,  and  to  reduce  the  recorded  ^ 

data  to  curves  representing  the  accelerations,  velocities  and  displacements 
of  the  individual  points.  This  information,  as  well  as  the  original  data, 
should  be  available  for  study  and  interpretation  by  the  persons  making  the 
post-test  analysis.  ? 

The  building  contractor  must  fximish,  under  Articles  2-05(l)^  2-05(2), 
and  5-05I  of  the  Technical  Specifications,  numerous  test  specimens  of  the 
actual  construction  materials.  Certain  of  these  specimens  are  designated 
for  static  tests  which  will  provide  basic  design  information  on  the  strength 
of  the  members.  Reports  of  these  tests  should  be  furnished  with  or  prior  to 
the  submittal  of  the  revised  blast  pressures. 

The  remainder  of  the  specimens  are  to  be  set  aside  for  dynamic  tests 
in  case  corroborative  information  is  needed  beyond  that  provided  by  the  test 
of  the  prototype  building. 

Having  the  actual  pressure  loading  as  recorded  on  the  test  structure, 
the  static  strength  of  the  members  from  the  test  of  the  specimens,  and  the 
recorded  characteristics  of  accelerations,  velocities,  and  displacement 
obtained  from  the  instrument  recordings}  a  detailed  re-analysis  of  the 
buildings  should  be  undertaken.  By  comparison  between  the  corrected 

theoretical  behavior  and  the  actual  recorded  behavior,  the  major  and  minor  ^ 

assumptions  may  then  be  studied  in  detail. 

It  is  difficult  to  judge  the  manner  in  which  the  predicted  and  actual 
behaviors  will  differ  and  as  a  result  the  detailed  analytical  approach  must 
aivait  the  test  results.  It  is  believed,  however,  that  the  assumptions 
described  in  Part  2  are  fimdamentally  sound  and,  barring  large  discrepancies 
in  the  loading,  the  modification  to  the  design  methods  will  involve  only  a 
quantitative  appraisal  and  modification  of  the  enpirical  design  factors* 

In  this  case  the  summary  of  the  anticipated  detailed  approach  to  the  re- 
analysis  may  be  described  as  follows; 

The  features  distinguishing  the  design  of  blast  resistant 
structures  from  conventional  design  arej- 

(a)  The  use  of  solutions  based  upon  dynamic 
relationships* 

(b)  The  realistic  assunption  that  a  building 
will  not  "fail”  when  the  elastic  limit  is 
reached  and  that  it  will  still  remain 
serviceable  after  a  major  plastic 

deformation  has  taken  place.  » 

In  general  the  solutions  involve  semi-enpirical  treatments.  These 
derivations  involve  equations  which,  in  form,  are  as  consistent  as 

practicable  with  the  known,  or  assumed  known,  characteidstic  behavior,  but  ^ 


which  have^  quantitatively,  various  areas  of  uncertainty  represented  by 
estimated  parameters  requiring  experiraental  evaluation*  The  measurements 
to  be  made  in  the  test  are  for  the  purpose  of  establishing  the  most  suitable 
values  of  these  tentatively  estimated  quantities. 

Individual  cases  differ,  but  there  are,  in  general,  two  principal  ways 
in  idiich  a  constant  in  a  semi-enQjirical  formula  may  be  determined  from 
experimental  results.  By  method  (a)  we  may  reverse  the  direction  of  normal 
confutation  with  the  formula,  such  as  the  formulas  and  step-by-step  pro¬ 
cedures  of  Part  2,  so  as  to  work  backwards  to  derive  a  corrected  value  for 
the  constant  as  a  direct  function  of  the  measured  variable  and  the  given 
quantities. 

By  method  (b)  we  may  use  the  formula  in  the  normal  manner  to  calculate 
the  measured  variable  as  a  direct  function  of  the  given  quantities  and,  by 
varying  successively  the  values  of  the  constant,  finally  approximate  the 
value  Tfldiich  makes  the  formula  correctly  estimate  the  measured  variable.  Some¬ 
times  one,  and  sometimes  the  other  of  these  methods  is  the  better,  dependent 
on  the  success  of  the  final  form  in  satisfying  numerous  general  and  varying 
problems. 

The  constant  is  not  necessarily  satisfactory  if  based  on  a  measurement 
at  only  one  point  (e.g.  at  maximum  displacement),  and,  for  general  solutions, 
such  as  are  developed  in  Part  2,  will  only  be  so  if  the  same  constant  proves 
adequate  for  all  different  types  of  materials,  for  all  types  of  intensity, 
duration,  and  characteristics  of  loading,  and  for  an  appreciable  range  of 
deflections.  If  a  continuous  test  record  is  provided  the  best  vsiue  of  a 
derived  constant,  for  this  reason,  is  the  one  which  will  describe  accurate  val¬ 
ues  corresponding  to  all  points  along  the  entire  record  of  the  continuously 
measured  variable  or,  v^at  is  much  the  same  thing,  it  is  that  value  of  the 
constant  which  as  closely  as  possible  indicates  the  entire  record  of  the 
measured  variable. 

In  some  cases  where  the  mechanism  involved  proves  less  simple  than 
assumed,  no  sin^e  value  or  constant  may  hold  very  well  over  the  entire  range. 
Some  linear,  or  other  simple  function  may  then  have  to  be  replaced  by  a 
constant;  but  this  should  present  no  great  difficulty  if  sufficient  data  is 
available  to  provide  a  general  answer.  One  quasi-constant  of  this  nature  may, 
for  exaii5)le,  be  the  ratio  between  the  ’‘effective”  mass  and  the  total  mass  of 
a  beam  or  panel,  because  this  ratio  changes  slightly  during  the  beam’s 
deflection. 

The  time-resistance  function  (see  figure  2.1i.3-17)  appears  to  be  basic 
in  the  analysis  of  panels,  and  the  displacement-resistance  function  (see 
figure  2.U.3-19)  seems  basic  in  the  analysis  of  framed  structures.  Neither 
of  these  is  perfectly  known.  They  need  to  be  established  from  measurements 
recorded  during  the  intended  test. 

In  view  of  the  above  comments,  the  first  attecppt,  probably,  will  be  to 
derive  by  reverse  calculations  following  method  (a)  a  series  of  resistance 
values  corresponding  to  the  measured  time  and/or  displacements.  It  is  to  be 
hoped  such  points  will  arrange  themselves  without  much  scatter  and  that  they 
can  be  fitted  by  very  reasonable  resistance  curves. 


New  analyses  of  the  test  structwe,  or  parts  of  the  test  structiare 
should  then  be  made  as  required  using  the  new  resistance  function  to  recoia** 
pute  new  theoretical  motions.  If  these  new  resistance  functions  so  derived 
give  good  agreement  with  the  acceleration,  velocity,  and  displacement  curves 
prepared  from  the  records  of  the  test  (which  were,  for  this  purpose,  recom¬ 
mended  in  3*5)  it  may  be  assumed  (at  least  for  these  various  panels,  members, 
and  the  three-story  framed  test  structures)  that  the  proposed  methods  de¬ 
velop  a  rational  design  procedure  which  works  properly.  If  the  plotted 
points  to  which  the  resistance  curves  are  fitted,  lie  in  quite  narrow  bands, 
then  any  significantly  different  resistance  functions  probably  would  not 
serve  nearly  so  well. 

It  may  be,  however,  that  results  will  be  less  fortunate.  The  plotted 
points  to  which  the  resistance  curves  must  be  fitted  may  be  scattered  over 
large  areas  through  which  any  one  of  a  large  number  of  possible  resistance 
curves  may  be  drawn  which  will  fit  the  points  equally  well. 

In  such  case  it  probably  will  then  prove  better  to  abandon  method  (a) 
and  to  shift  to  method  (b)j  providing  the  records,  photographs  and  descrip- 
tions  do  not  locate  lockl  failures  and  instrumental  errors  which  might  have 
been  the  cause  of  the  scatter  of  the  points  of  the  test  data.  If  the  scatter 
still  persists,  successive  reasonable-looking  resistance  functions  may  be 
tried  tuatil  one  is  found  udiich  approximates  a  majority  of  the  actual  records. 

The  locations,  numbers,  and  types  of  instruments  to  use  were  decided 
by  judging  idiich  measurements  should  be  most  useful  when  put  to  their  intended 
uses*  This  included  both  the  number  of  readings  required  to  cover  all  de¬ 
sired  infomation  and  sufficient  repetition  of  similar  readings  to  assure 
corroboration  of  results  and  to  account  for  local  failures  and  the  loss  of 
certain  information. 

There  may  be  cases (e.g.  with  continuous  slabs  and  panels)  where  the 
pattern  of  cracking,  as  evidenced  in  the  photographs  of  the  whitewashed  suiv 
faces,  will  give  in^ortant  clues  which  will  clear  up  doubtful  points  about 
the  exact  modes  of  failiire  and  so  point  the  way  to  iB^>roved  analytical  treat¬ 
ments.  The  appearances  of  the  failures  for  the  same  reason,  should  therefore 
be  carefully  scrutinized.  From  the  discussion  of  Part  2  it  will  be  realized 
that  the  recommended  method  and  attack  are  primarily  ultimate  design  pro¬ 
cedures.  For  the  members  of  the  test  structtire  that  act  in  or  near  the 
elastic  range  there  is  ejected  to  be  some  deviation  between  the  recorded  and 
predicted  measurements.  It  is  believed  that  the  photographs  and  possibly 
drawings  and  description  will  be  of  particular  aid  in  the  study  of  these 
more  lightly  stressed  members. 

Photographs,  descriptions,  and  drawings  are  e::q)ected  to  be  useful  in 
numerous  other  cases.  So  many  different  situations  arise  in  the  detailed  de¬ 
sign  that  these  can  hardly  be  included  in  a  report  of  reasonable  length,  how¬ 
ever,  it  may  be  well  to  mention,  as  exaa^les,  such  particular  design  problems 
as  the  reinforcing  steel  bond  in  the  joints  between  the  girders  and  colximns 
of  the  reinforced  concrete  buildings;  or  the  effectiveness  of  shear  reinforce¬ 
ment  in  the  walls;  or  the  bond  and  shear  characteristics  of  different  depth 
slabs;  etc.  In  these  cases,  the  photographs  may  indicate  local  failures 
which  will  show  why  resistance  curves  substantiated  in  some  portions  of  the 
building  may  not,  apparently,  be  developed  in  other  parts. 


It  l8  recognized  that  numerous  p3X)blems  in  the  instrumentation  will  also 
occur •  One  such  case>  for  example,  concerns  the  displacement  readings  of  the 
wall  panels.  Here  large  floor  displacements  are  added  to  the  wall  displace¬ 
ments  thus  increasing  the  range  and  reducing  the  relative  accuracy  of  the 
wall  readings#  Because  of  the  presence  of  such  difficulties  considerable 
judgment  will  be  required  in  many  portions  of  the  analysis.  This  judgment 
will  be  considerably  assisted  by  the  surveys,  the  photographs,  and  the  avail¬ 
able  descriptions  and  drawings* 

The  thin  coverings  are  too  numerous  to  permit  anything  like  complete 
instrumentation.  However,  as  the  blast  pressures  will  be  known  and  numerous 
degrees  of  strength  are  provided,  it  is  only  necessary  to  measure  the  de¬ 
flection.  Where  they  fail,  a  study  can  be  made  of  the  character  of  the 
damage  and,  where  practicable,  the  mode  of  failure  may  be  noted*  The  de¬ 
flections  and  largest  girt  spacing  on  which  the  thin  covering  does  not  fail 
should  be  recorded. 

One  ia5)ortant  phase  of  the  re-analysis  will  concern  the  determination 
of  the  effective  mass  of  the  structure.  To  this  end  it  will  be  necessary  to 
examine  the  records  of  the  motion  of  the  simulated  liveload  in  order  to 
determine  'idien  and  how  the  inertia  forces  from  this  source  are  applied,  ilny 
motions  or  shifting  of  this  liveload  adds  another  variable  idiich  must  be 
weighed  and  adjvisted  before  the  resisting  functions  can  be  evaluated. 

The  recommended  seqiience  of  procedure  for  the  analysis  of  the  field 
measurements  may  then  be  summarized  as  follows; 

(1)  Immediately  after  the  test: 

(a)  The  blast  pressure  records  should  be  studied  by  the 
instrumentation  contractor  and,  if  possible,  the  per¬ 
sonnel  furnishing  the  original  pressure  curves. 

(b)  The  personnel  doing  the  stzuctural  analysis  could 
simultaneously  start  on  the  analysis  of  the  strength 
of  the  materials,  the  stress-strain  data,  and  a  study 
of  the  photographs  and  available  descriptions. 

(2)  A  study  and  evaluation  of  the  instrumentation  records  should 
proceed  in  idxich  the  acceleration,  velocity,  and  displacement 
curves  should  be  developed.  The  structural  group,  at  the 
same  time  could  start  recoiiQ)uting  the  theoretical  motions 
under  the  revised  blast  pressure  loading. 

(3)  A  detailed  coQQ)arison  should  then  be  made  between  the 
revised  theoretical  behavior  and  the  observed  motions  and 
the  theoretical  procedures  should  be  modified  accordin^y. 

(U)  The  modified  procedures  should  be  verified  Ify  a  new  set  of 
calculations  using  the  revised  pressure  loadings,  the  actual 
member  strengths,  and  the  modified  design  procedures. 


(5)  The  design  procedures  should  be  sliqplilled  on  the  basis 
of  the  final  theoretical  and  ejqjerimental  information* 

If  the  opportunity  exists^  the  studies  could  be  profitably 
extended  to  Involve  buildings  of  various  sices  and 
proportions  under  iapulsive  type  loadings  other  than 
those  of  the  test  structures  so  that  the  procedures  and 
range  elll  have  general  implication*  It  is  believed^ 
for  exaqple^  that  the  msthods  presented  in  this  repoirt 
Kill  also  furnish  a  better  solution  to  the  problem  of  earth¬ 
quake  resistance  than  any  other  method  so  far  developed* 


PART  V.  SUMMARY  OF  RECOMMENDED  DESIGN  PROCEDURES  AND  FRAMITJG  METHODS 


^  $•!  Design  Methods  and  Procedures 

Under  certain  conditions  particular  types  of  merabers  may  be 
readily  and  economically  designed  using  equivalent  static  loads  in 
^  place  of  the  actual  dynamic  pressures*  These  conditions  depend  on 

the  impulse  being  essentially  constant  in  value  during  the  per¬ 
mitted  deflections*  As  the  duration  of  the  blast  is  relatively 
long,  a  large  number  of  small  mass  quick  acting  members,  such  as 
corrugated  metal,  asbestos  cement  boards,  and  thin  concrete  slabs, 
qualify  for  this  treatment,  their  total  deflection  occurring  be¬ 
fore  an  appreciable  change  takes  place  in  the  intensity  of  the  load* 

The  high-mass  ductile  members,  such  as  heavy  reinforced  con¬ 
crete  sections  and  building  frames,  are  much  slower  in  action,  the 
deflections  continuing  for  an  appreciable  part  of  the  total  load 
duration.  These  members  can  be  designed  to  take  advantage  of  the 
drop  in  pressure  with  time,  particularly  if  the  members  are  resist¬ 
ing  reflected  pressures  which  have  a  sharp  diedown  in  intensity 
within  0*03  seconds  after  the  first  shock*  The  use  of  equivalent 
static  loads  for  the  analyais  of  these  members  does  not  appear  to 
offer  any  advantages  in  theory  or  accuracy  and  either  a  system¬ 
atized  step-by-step  solution  for  each  individual  case  or,  if  the 
panels  are  numerous,  use  of  design  curves  which  pass  through  a  few 
’  calculated  points  is  recommended* 

The  step-by-step  solution  may  be  quickly  solved  for  each  case 
regardless  of  the  shape  of  the  resistance  function  but  the  solution 
^  can  be  simplified  if  the  resistance  is  constant  after  the  stress 

reaches  its  yield  point*  As  described  in  part  2 *1^*3,  the  solution 
may  be  still  further  improved  if  the  resistance  is  a  function  of 
time  rather  than  displacement. 

The  resistance  function  varies  v/ith  the  continually  changing 
direct  stress  and  was  so  considered  in  the  analysis  of  the  test 
structures.  It  is  expected  that  as  a  practical  design  measure  a 
single  constant  value  can  be  assumed  for  this  direct  stress,  this 
value  being  some  mean  between  the  minimum  and  maximum  expected* 

As  the  pressure  variation  causing  the  axial  load  is  still  uncer¬ 
tain,  it  is  believed  that  recommendations  for  this  single  direct 
stress  assumption  shoiild  not  be  made  until  the  recorded  pressures 
and  their  effect  are  studied. 

It  is  believed  that  the  procedures  used  to  design  the  test 
structures  could  be  applied  to  design  conventional  commercial 
^  buildings  of  minimum  strength  for  fees  comparable  to  those  accepted 

for  standard  designs* 

5*2  Recommendations  for  Structural  Framing 

The  test  structures  are  not  expected  to  include  every  possible 
type  of  framing.  These  tests  do,  however,  embrace  a  large  number  of 
framing  types  and  the  same  methods  used  to  design  these  particular 
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structures ^  may  be  used  with  reasonable  assurance  for  the  design  of  other 
types  of  framing.  Once  the  methods  are  proved,  exhaustive  studies  could 
be  made  for  any  of  the  many  coverings,  framings,  and  pressure  loadings. 

While  many  materials  and  framing  systems  may  have  sufficient  strength 
if  properly  designed,  a  scale  of  comparative  costs  must  be  developed  for 
structures  designed  to  resist  the  blast  load  conditions.  Some  materials 

competitively  favorable  for  conventional  loading  are  entirely  uneconomical  ^ 

for  the  blast  intensities.  As  a  matter  of  interest  the  estimated  unit 
costs  for  the  different  buildings  of  the  test  structures  are  shown  in  the 
table  of  figure  5*2*rl. 


Bldg. 

Structural  Framing 

-  - - — - 

Type  of  Covering 

Cost  Per 
Sq.  Ft. 

1 

Concrete  Cellular 

Misc.  -  Concrete  &  Brick 

$12.77 

2 

Steel  Frame 

Corrugated  Metal  with 

Steel  Girts 

lU.17 

3 

Concrete  Frame 

12'*  Monolithic  Concrete 
Wall 

6.W 

U 

Shear  Wall 

12”  Monolithic  Concrete 
Wall 

7.3U 

5 

Concrete  Frame 

12*^  Monolithic  Concrete 
Wall 

5.82 

6 

Steel  Frame 

Corrugated  Metal  Siding 
with  Steel  Girts 

13.22 

7 

Concrete  Cellular 

Misc.  -  Concrete,  Corru¬ 
gated  Steel  Sc  Asbestos 
Cement 

lU.59 

Figure  5*2-1 


IfVhile  some  recommendations  on  framing  methods  are  discussed  below, 
these  suggestions  must  be  regarded  as  tentative,  presuming  further  elabora¬ 
tion  after  a  complete  study  has  been  made  of  the  recorded  test  data. 
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A*  Recomniendations  for  Curtain  Walls  or  Wall  Covering 


Fragile,  lightweight  coverings  are  believed  of  value  only  where  the 
framing  must  be  kept  light.  These  panels  will  transmit  a  minimum  impulse 
to  the  structural  frames  and  the  fragments  of  the  panel  will  be  such  as  to 
cause  a  minimum  damage  on  disintegration.  The  frames  s\j^porting  this 
covering  must,  however,  be  designed  for  the  portion  of  the  blast  impulse 
carried  by  the  panel  before  its  failure.  As  shown  by  past  records,  the 
frames  and  contents  of  biiildings  of  this  type  will  be  exposed  to  damage 
from  fire  and  wind  after  failure  of  the  walls. 

Light  weight  ductile  materials,  such  as  corrugated  metal,  possess 
greater  resilience  and  will  resist  higher  dynamic  loads  per  omit  of  static 
strength  than  the  fragile  types#  The  strength  of  commercial  sizes  of  this 
material  is  substantially  lower,  however,  than  needed  to  resist  intense 
blast  pressures  unless  expensive  and  impractical  systems  of  support  are 
provided.  Comparative  cost  studies  show  that  solid  reinforced  concrete 
walls,  which  would  obviate  the  necessity  of  further  covering,  are  cheaper 
than  the  steel  franing  required  to  support  these  lightweight  coverings. 

Heavy  monolithic  reinforced  concrete  walls  offer  the  greatest 
promise  as  blast  resistant  members.  These  walls  are  not  too  e^ensive,  can 
be  treated  architecturally,  and,  because  of  their  high  mass  and  the 
ductility  of  the  reinforcing  steel,  can  be  designed  for  relatively  low 
strengths.  These  walls  not  only  resist  the  quick  acting  local  loads  but 
also  act  to  help  resist  the  deformation  of  the  supporting  frames. 
Furthermore  the  wall  mass,  as  well  as  its  strength,  is  beneficial  to  the 
frames,  the  walls  are  capable  of  carrying  vertical  floor  loads  in  case  of 
failure  of  the  colxunns,  and  they  may  be  used  to  replace  the  exterior 
columns.  As  shear  members,  the  walls  can  resist  large  loads  acting  in  a 
direction  parallel  to  the  walls. 

B.  Recommendations  for  Roof  and  Floor  Fl*amlng 

Many  of  the  same  factors,  such  as  high-mass  and  lower-strength 
requirements,  favor  the  use  of  heavy  monolithic  concrete  for  carrying 
the  vertical  load  on  the  roof  slabs.  The  roof  also  acts,  in  the  plane 
of  the  slab,  as  a  beam  or  shear  member  in  distributing  the  wall  loads 
to  the  frames  and  side-walls.  In  this  action  the  heavier  types  of 
monolithic  construction  offer  high  buckling  resistance  to  combined  loads 
in  the  plane  of  the  slab  and  bending  transverse  to  the  slabs.  The  heavy 
slabs  also  resist  radiation  and  can  offer  protection  against  fragments 
of  high  explosive. 

Light  floor  and  roof  systems,  such  as  thin  concrete  slabs  on  bar 
Joist  or  tin  pan  joist  construction,  do  not  appear  as  satisfactory  as 
the  heavier  concrete  framing  in  strength,  mass,  toughness,  or  buckling 
stability.  A  further  disadvantage  of  such  framing  is  the  architectural 
necessity  for  suspended  ceilings  vdiich  crack  and  fail  under  blast  loads. 

In  general,  assuzning  equal  or  near  equal  construction  costs,  the 
heavier  one  way  and  two  way  slabs  used  in  concrete  framing  are 
preferable  to  the  lighter  subdivided  beam  and  girder  framing. 
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C.  RecommendatLons  for  Main  Framing 


Reinforced  conci^te  and  structural  steel  are  suitable  for  use  in  f ramp¬ 
ing  blast  resistant  buildings,  wood  offers  some  structural  possibilities  if 
the  connections  are  adequate  and  the  cross  partitions  are  designed  as 
structural  members,  but  the  use  of  brick  walls,  even  when  reinforced,  does 
not  appear  advisable  for  use  in  major  structures. 

The  steel  and  concrete  types  each  have  certain  advantages  and  disad¬ 
vantages  with  respect  to  each  other.  The  steel  framing  is  capable  of  devel¬ 
oping  hi^er  resisting  moments  per  unit  of  displaced  volume  and  the  connec¬ 
tions  can  possibly  be  stronger  and  more  rigid,  not  having  the  difficulties 
with  bond  that  is  experienced  in  the  design  of  concrete  frame  structures. 

Steel  framing  seems  generally  more  expensive  than  reinforced  concrete 
frames  and  if  fireproofing  is  required  the  cost  of  steel  frames  will  prob¬ 
ably  be  appreciably  hi^er  in  almost  all  cases. 

The  use  of  concrete  partitions  and  cross  walls  as  shear  walls  to  re¬ 
place  rigid  frames  of  either  steel  or  concrete  may  prove  the  most  economical 
of  all  framing  tyi)es  designed  to  resist  blast  pressures#  While  the  action 
of  these  members  is  quicker  and  the  load  factors  are  higher  than  in  the 
frames, the  advantage  and  economy  of  carrying  loads  by  direct  stress  rather 
than  by  flexure  is  ^parent. 

These  recommendations  on  desirable  framing  are  based  on  using  the  severe 
requirements  of  this  particular  test  structure  as  the  criteria  for  the  coia- 
parison  of  different  materials,  of  members,  and  framing  types.  While  gen¬ 
erally  true  for  any  intensity  of  loading,  it  might  not  be  possible  to  make 
some  of  the  above  recommendations  in  as  positive  a  manner  for  lower  values  of 
blast  intensity  where  the  relative  costs  of  the  different  competitive  mater¬ 
ials  may  be  less  distinct.  The  recommended  framing  methods  and  materials 
thus  hinge  to  some  extent,  on  the  maximum  pressure  for  idiich  resistance  is  to 
be  provided. 

An  exanple  of  this  might  be  as  follows.  The  columns  and  beams  of  con¬ 
ventional  buildings  are  formed  of  substantial  members  i^ich  will  provide 
considerable  resistance  against  lateral  loads  if  the  details  are  made  ad¬ 
equate  to  develop  their  strength.  This  framing  can  be  made  adequate  for 
li^t  blast  loads  with  a  minimum  of  expense  and  attention.  The  addition  of 
structural  shear  walls  might  be  unnecessarily  conservative  and  expensive  in 
this  case. 

Without  going  into  details  which  are  beyond  the  scope  of  this  contract, 
it  might  be  expected  that  certain  large  geographical  areas  are  not  likely  to 
be  concerned  with  blast  pressures  of  any  kind,es  these  particular  areas  may 
not  be  of  sufficient  strategic  importance  to  Jtustify  such  attacks.  In 
other  areas  dispersion  of  facilities  may  discourage  attack  or  at  least  lisit 
the  damage  to  a  small  groip  of  buildings.  The  individual  units  in  this 
case  may  require  protection  in  proportion  to  the  probability  of  their  expo¬ 
sure  and  individual  Isportance.  It  is  conceivable,  however,  that  a  eei*tain 
number  of  other  areas  may  contain  buildings  located  near  enough  to  a  prob¬ 
able  target  center  so  that  some  degree  of  blast  pressure  may  be  expected. 

The  target  center,  In  this  case  may  immediately  relate  all  other  buildings 


in  the  vicinity  to  a  certain  e3q>ected  scale  of  intensity  of  blast  pressure 
depending  directly  on  the  distance  of  each  such  building  from  the  expected 
zero  point  and  on  the  probable  limits  of  accuracy  in  dropping  the  bomb. 
Considering  the  variation  in  the  degree  of  blast  resistance  required  by 
the  various  buildings,  several  criteria  of  design  will  be  needed  and  these 
will  have  a  material  effect  on  any  specific  proposals  and  recommendations 
for  framing.  To  this  end  an  approach  towaixi  the  establishment  of  gmieral 
criteria  should  be  made  on  the  basis  of  a  careful  study  of  optimum  design. 
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Figure  No*  Title 

•  1  Location  Diagram  for  Pressure  Curves 

-  2  Pressure  on  Side  Walls  (Modified  Friedrich ‘s  Equation) 

^  3  Pressure  on  Panel  A  «  Front  Wall 

-  li  Pressure  on  Panel  B  -  Front  Yifall 

-  5  Pressure  on  Panel  C  -  Front  Wall 

-  6  Pressure  on  Panel  A*  -  Front  WAll 

-  7  Pressure  on  Pan^  B*  -  Front  Wall 

-  8  Pressure  on  Panel  C*  -  Front  Wd-l 

-  9  Pressure  on  Panel  D  -  Front  V/all 

-  10  Pressure  on  Panel  E  -  Front  Wall 

-  11  Pressure  on  Panel  F  -  Front  Wall 

-  12  Translational  Force  -  Panel  A 

-  13  Translational  Force  -  Panel  B 

-  ll^  Translational  Force  -  Panel  C 

-  1$  Translational  Force  -  Building  No#  2  -  Panel  A* 

-  16  Translational  Force  -  Building  No*  2  -  Panel  B* 

-  17  Translational  Force  -  Building  No#  2  -  Panel  C’ 

-  18  Translational  Force  -  Building  No.  3  -  Panel  A* 

-  19  Translational  Force  -  Building  No#  3  -  Panel  B* 

-  20  Translational  Force  -  Building  No.  3  -  Panel  C* 

-  21  Translational  Force  -  Panel  D 

-  22  Translational  Force  -  Panel  E 

-  23  Translational  Force  -  Panel  F 

-  2h  Average  Translational  Force  -  Buildings  1  to  U  and  7 

-  2$  Pressure  on  Panel  A  -  Rear  Wall 

-  26  Pressure  on  Panel  A*-  Rear  Wall 

-  27  Pressure  on  panel  B  -  Rear  Wall 

-  28  Pressure  on  Panel  B*-  Rear  Wall 

-  29  Pressure  on  Panel  C  -  Rear  Wall 

-  30  Pressiire  on  Panel  C*-  Rear  Wall 

-  31  Pressure  on  Panel  D  -  Rear  Wall 

-  32  Pressxare  on  Panel  £  -*  Rear  Wall 

-  33  Pressure  on  Panel  F  -  Rear  Wall 


211 


APPENDIX  I 


CONTENTS 

(Cont'd) 


Figure  No*  Title 

-  3k  Net  Pressure  on  Roof  Panel  A-D  for  Buildings  1  to  U  and  7 

-  35  Net  Pressure  on  Roof  Panel  C-D  for  Buildings  1  to  1;  and  7 

-  36  Net  Pressure  on  Roof  Mid  Point  for  Buildings  1  to  1|  and  7 

-  37  Pressure  on  Shear  Wall  between  Buildings  &  5  and 

Buildii^s  6^7  (First  Floor) 

-  3b  Pressure  on  Shear  Wall  between  Buildings  U  &  5  and 

Buildings  6  8c  7  (Second  Floor) 

-  39  pressure  on  Shear  Wall  between  Buildings  li  5  and 
Buildings  6  &  7  (Third  Floor) 

-  UO  Net  Pressure  on  Panel  G  -  Front  Wall 

-  1|1  Net  Pressure  on  Panel  H  -  Front  Wall 

-  U2  Net  Pressure  on  Panel  K  -  Front  Wall 

-  I43  Net  Pressure  on  Panel  G  -  Rear  7/all 

-  14;  Net  Pressure  on  Panel  H  -  Rear  Wall 

-  I;5  Net  Pressure  on  Panel  K  -  Rear  Wall 

-  I|6  Net  Pressure  on  Roof  Panel  A-B  for  Buildings  5  &  6 

-  k7  Net  Pressure  on  Roof  Panel  C-D  for  Buildings  ^  8c  6 

-  iib  Net  Pressure  on  Roof  Itid  Point  for  Buildings  5^6 

-  k9  Ertemal  Pressures  -  personnel  Shelter 

-  50  Positive  Phase  Duration  Curve 
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DESCIUPTION  OF  TEST  STflQCTURES 


CONTENTS 

A2 . 1  Introduc  t ion 

A2.2  General  Arrangement  of  Test  Stractxires 

A2*3  Detailed  Description  of  Individual  Buildings 
in  the  Test  Structures 


A2#l  Introduction 


The  multi-story  building  is  designed  and  arranged  to  test  differ¬ 
ent  types  of  materials  and  framing  on  buildings  iiith  and  iiithout  window 
openings.  Besides  a  wide  range  in  general  types  of  framing  and  cover¬ 
ings,  further  detailed  variations  within  the  particular  types  are  also 
provided.  The  members  ava  intended  to  undergo  different  degrees  of 
elastic  and  plastic  defoimation  and  include  reinforced  concrete  members 
with  the  same  ultimate  strength  but  of  different  sizes  and  with  differ¬ 
ent  steel  percentages,  members  with  the  same  flexural  strength  but  with 
varying  shear  and  bond  strengths,  and  seveiul  series  of  members  having 
strengths  graduated  to  cover  the  probable  variation  of  the  theoretical 
blast  pressure.  The  tables  of  Appendix  3  summarize  these  design  condi¬ 
tions. 


The  design  methods  used  in  this  analysis  are  described  in  Part  2 
and  sample  calculations  are  shown  in  Appendix  Therefore  they  will 
not  be  repeated  in  these  sections. 

The  concrete  strength  is  specified  at  3000  p.s.i.  and  may  be  ex¬ 
pected  to  be  equal  to  or  greater  than  this  value.  The  steel  strengths 
are  specified  as  32,000  p.s.i.  and  U0,000  p.s.i.  for  structural  and 
intermediate  grades  respectively.  However,  as  this  is  a  minimum  reqiaire- 
ment,  static  yield  strengths  of  U0,000  p.s.i.  and  ^0,000  p.s.i.  were  used 
in  the  design  of  the  members  in  accordance  with  actual  average  yield 
points  obtained  on  numerous  other  projects.  Ultimate  dynamic  strengths 
were  then  calculated  for  each  design  condition  in  accordance  with  the 
suggested  procedure  of  section  2.5*2  and  the  expected  rates  of  loading. 

A2.2  General  Arrangement  of  Test  Structures 

As  described  earlier,  the  test  structures  are  composed  of  seven  sep¬ 
arate  test  buildings.  Five  of  these  buildings  represent  distinct  framing 
types;  the  other  two,  while  primarily  functioning  as  closures  to  seal  the 
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ends,  also  act  to  furnish  numerous  axixiliary  tests  for  particular  types 
of  curtain  walls  and  slabs  which  are  not  specifically  included  on  the 
other  five  buildings.  The  buildings  are  so  arranged  with  respect  to 

each  other  that  the  end  buildings  and  the  center  shear  wall  building  ^ 

automatically  protect  the  remaining  foxir  sections  from  blast  pressure 
penetration  which  would  otherwise  prevent  the  desired  individual  beha¬ 
vior. 

A  double  layer  of  closely  woven  glass  fabric  covers  the  openings  ^ 

between  the  buildings  and  prevents  the  blast  pressures  from  entering 
the  interiors  except  through  the  Tfindow  openings  of  some  of  the  build¬ 
ings.  This  fabric  is  folded  to  permit  each  of  the  seven  buildings  to 
move  freely  with  respect  to  the  others  without  destroying  the  seal. 

A2.3  Detailed  Description  of  Individual  Buildings  in  the  Test  Structures 
A2.3.1  Concrete  Frame  Buildings  -  Buildings  No.  3  and  ^ 

A.  Introduction 

Buildings  No.  3  and  5  are  reinforced  concrete  frame  structures 
similar  to  each  other  in  detail  except  for  the  presence  of  windows 
in  Building  No.  5.  These  buildings  are  more  or  less  typical  of  con¬ 
ventional  construction  except  for  the  greater  strength  and  certain 
detail  modifications  necessary  to  resist  the  intense  shock  of  the 
blast  loads.  The  strength  of  the  frames  is  the  same  for  both  build¬ 
ings  although  they  are  subjected  to  different  blast  loadings  due  to 
the  windows  in  Building  No.  5.  The  total  resistance  to  lateral  de¬ 
flection,  however,  is  some'»rtiat  less  for  Building  No.  5  than  Building 
No.  3  because  the  strength  of  its  walls,  which  contribute  to  the 

resistance,  is  reduced  by  the  window  openings,  * 

The  total  translational  force  applied  on  Building  No.  5  is  less 
per  unit  area  and  acts  on  less  area  than  on  Building  No,  3.  Figure 
A2.3.1-1  shows  the  total  translational  force  on  each  building. 


FIG,A2.3,I-I 


The  difference  in  the  ratio  of  the  applied  loads  and  the  resisting 
strengths  of  the  two  buildings  helps  assure  that  at  least  one  building 
will  deflect  within  the  desired  range  despite  the  possibility  of  vari¬ 
ations  in  the  blast  pressure.  If  the  theoretical  pressures  are  sub- 
0  stantially  correct,  then  two  sets  of  readings  will  be  available  in 

which  both  buildings  ttlII  have  plastic  deformations  but  will  show  dif¬ 
ferent  degrees  of  damage.  The  latter  information  is  desirable  for  use 
in  the  detailed  post-test  examination  of  the  proposed  design  procedures. 

B.  General  Arrangement 

The  reinforced  concrete  frame  structures  consist  of  three- story 
sections  each  supported  by  two  lines  of  bents  framed  in  the  direction 
of  the  blast  as  shown  by  Drawings  60-09-06,  Sheets  1  and  9  of  Append- 
dix  7. 

The  two  frame  bents  are  each  composed  of  heavy  floor  girders,  run¬ 
ning  from  the  front  to  the  rear  wall,  supported  by  two  interior  columns 
and  an  exterior  wall  column  at  each  end.  The  exterior  columns  are  set 
back  to  prevent  contact  with  the  wall  at  its  maximum  anticipated  de¬ 
flected  position. 

The  front  and  rear  walls  are  continuous  members  extending  from  the 
foundation  to  the  roof  level.  These  walls  are  tied  to  the  floor  slabs 
at  each  floor  level. 

The  floors  and  roof  consist  of  one  way  slabs  spanning  between  and 
cantilevering  over  the  floor  and  roof  girders  which  are  integral  parts 
of  the  frame  bents. 

The  foundations  for  these  buildings  consist  of  heavy  continuous 
>  reinforced  concrete  members  continuous  from  front  to  rear  under  each 

frame  line.  The  ends  of  these  strip  footings  are  joined  by  connect¬ 
ing  members  at  each  end  which  receive  and  restrain  the  bottom  ends  of 
the  front  and  rear  walls.  A  concrete  slab  on  the  sub grade  is  provided 
at  the  ground  floor  level. 

C.  Details  of  Framing  and  Design 
1.  Foundations 


The  foundation  structure  is  shown  in  detail  on  Sheet  9  of 
Appendix  7*  The  continuous  members  under  the  front  and  rear  walls 
are  U  ft.  by  ii  ft.  in  section  and  they  extend  ij  ft.  beyond  the 
face  of  the  front  and  rear  walls* 

The  continuous  strip  footings  running  from  the  front  to  the 
rear  axe  reinforced  concrete  members  h  ft.  deep  by  ft.  wide. 
These  strips  carry  the  axial  load,  shear,  and  moment  of  each  column 
in  the  bents  above  in  addition  to  the  thrust,  shear,  and  torque  of 
the  wall  footings.  The  footings  are  designed  for  a  number  of  pos¬ 
sible  loads  including  the  condition  of  maximum  vertical  load  in 
the  columns,  usually  occurring  early  in  the  loading  when  the  roof 


257 


load  is  a  maximuin  and  the  column  moments  are  lov)  and  the  condition 
of  maximum  moment  occurring  idien  the  column  moments  and  column 
shears  are  at  a  maximum  value,  the  roof  load  and  hence  vertical 
loads  acting  at  a  reduced  value  at  this  time. 

These  footings  iffere  designed  as  members  under  combined  bending 
and  direct  stress,  using  the  plastic  theory  to  estimate  the  strength* 

The  stresses  will  not  exceed  the  elastic  limit  at  any  time,  the  pur-  ^ 

pose  being  to  confine  the  plastic  action  and  points  of  high  strain 
to  the  instrumented  and  visible  frames  above* 

2,  Second  and  Third  Floor  Slabs 

The  second  and  third  floors  are  framed  by  lij  inch  reinforced 
concrete  slabs  which  span  10^-6”  between  centers  of  the  floor  gird¬ 
ers  and  cantilever  outward  h^~32^  on  each  side,  as  shown  by  Section 
c-c,  Sheet  9  of  Appendix  ?• 

These  slabs  are  designed  for  dead  load  plus  a  l50  p«s*f#  live 
load  in  accordance  with  the  American  Concrete  Institute  Building 
Code  Requirements  for  Reinforced  Concrete  (ACI  318—U7)*  In  addition 
the  floor  slabs  are  designed  to  resist  the  horizontal  shearing 
stresses  in  the  plane  of  the  slab  due  to  the  wall  reactions*  The 
slabs  were  also  checked  against  the  dynamic  action  of  the  dead  and 
live  loads  due  to  the  vertical  motion  of  the  bents*  The  floors  are 
one-way  slabs  spanning  between  the  floor  beams  except  at  the  front 
and  rear  walls,  where  they  are  supported  by  the  walls  as  well  as 
the  floor  beams. 

3  •  Roof  Slab 

The  concrete  roof  slab  is  framed  in  a  manner  similar  to  the 
typical  floor  slabs  except  that  the  conventional  design  for  dead 
and  live  loads  is  replaced  by  a  plastic  limit  design  for  dead  load 
plus  the  dynamic  roof  loads  due  to  the  blast  pressure*  The  roof 
slab  is  9  inches  in  depth  and  was  originally  designed  for  a  deflec¬ 
tion  of  1/32  under  pressures  increased  3$%  in  intensity  over  the 
theoretical  pressure  curve.  Later  revisions  in  the  pressure  load¬ 
ing  and  a  change  in  the  position  of  the  building  reduced the  expected 
deflections  to  near  the  elastic  range* 

This  reduction  in  the  deflection  of  the  roof  slabs  is  probably 
not  too  important  as  a  sufficient  number  of  other  test  panels  are 
available  to  check  the  design  procedures  for  deflections  in  the 
plastic  range  and  ijb  is  advantageous  to  make  sure  that  the  desired 
amounts  of  frame  deformation  will  occur  before  the  coverings  fail« 

The  roof  slab  was  also  designed  as  a  one-way  member  except  in  \ 

the  vicinity  of  the  front  and  rear  walls*  The  methods  of  section 
2*5  were  used  directly  in  this  solution. 


In  order  to  provide  a  clean  working  surface,  a  lightly  rein¬ 
forced  h  inch  slab  on  subgrade  is  provided  at  the  first  floor  level. 

5#  Front  and  Rear  Walls 

The  front  and  rear  faces  of  sections  3  and  5  are  covered  by 
solid  monolithic  concrete  walls  except  for  Building  “which  has 
window  openings  in  each  story,  front  and  rear.  These  walls  are 
indicated  and  detailed  on  Sheets,  1,  9,  and  11  of  Appendix  7. 

To  provide  adequate  room  for  the  four  layers  of  reinforcing 
bars  in  each  wall  (vertical  and  horizontal,  both  faces)  and  because 
of  the  beneficial  effects  of  high  mass  values,  all  vertical  walls 
are  one  foot  in  thickness.  Special  web  reinforcement  is  provided 
where  the  shearing  stresses  are  excessive. 

The  front  walls  of  Building  3,  were  designed  to  resist  the  blast 
pressures  at  a  maximiim  local  deflection  of  L/32  in  each  story*  They 
were  further  investigated  for  the  effect  of  wall  participation  in 
frame  action  as  is  described  in  Section  2.U*5. 

The  rear  wall  is  of  the  same  thickness  and  has  substantially 
the  same  reinforcement  as  the  front  wall.  These  were  so  designed 
because  the  direction  of  the  blast  may  be  unkno?m  in  the  future* 
Because  the  blast  pressure  is  less  on  the  rear  face,  the  over-rein¬ 
forced  rear  wall  panels  will  carry  the  local  blast  pressure  near 
or  within  the  elastic  range  though  the  stresses  will  reach  the 
yield  point  value  under  the  large  horizontal  motion  or  sidesway  of 
the  frames. 

Besides  the  framing  adopted  for  the  test  structure  several 
other  framing  types  were  examined  and  of  these,  tvra  were  studied 
in  detail. 

In  the  first  type  the  vertical  wall  was  hinged  at  the  connec¬ 
tion  to  the  footing.  This  condition  peimiitted  the  use  of  lighter 
wall  footings  and  reduced  the  effective  participation  of  the  walls 
in  frame  action.  However  as  the  required  strength  of  both  the 
walls  and  the  frame  was  increased,  the  method  was  rejected* 

In  the  second  type  the  wall  was  fixed  at  each  floor  level  by 
means  of  spandrel  beams  framing  between  the  floor  girders.  These 
beams  were  sxifficiently  stiff  to  practically  fix  the  wall  at  each 
floor  level*  This  framing  resulted  in  a  shorter  wall  span  be¬ 
cause  of  the  depth  of  the  added  spandrel  beam;  the  wall  colximns 
were  eliminated,  and  more  resistance  was  developed  against  lateral 
sidesway.  These  savings,  however,  were  largely  balanced  by  the 
cost  of  the  added  spandrel  beams  and  the  somev/hat  increased 
strength  necessary  in  the  floor  girders.  Furthermore,  the  resist¬ 
ance  developed  by  the  upper  floors  is  invariably  too  great,  lead¬ 
ing  to  difficulties  in  proportioning  the  relative  floor  strengths. 
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6*  Coliimns  and  Girders 


As  described  previously,  the  main  framing  consists  of  two 
lines  of  bents  or  frames,  each  frame  consisting  of  two  interior 
and  two  exterior  wall  columns# 

The  wall  columns  were  designed  to  be  approximately  one-half 
the  strength  of  the  interior  columns  as  there  is  only  the  single 
outer  girder  to  resist  the  total  column  moment  from  above  and  below, 
whereas  at  the  inner  columns  the  sum  of  the  column  moments  from 
the  upper  and  lower  columns  is  distributed  in  two  directions# 

The  columns  are  rectangular  in  shape  and  are  designed  as  tied 
members  though  every  bar  is  tied  at  close  intervals  in  the  vicinity 
of  the  expected  plastic  hinges*  This  design  was  adopted  because 
the  moments  are  large  in  comparison  to  the  axial  stress#  If,  in 
other  designs,  the  axial  load  becomes  important  enough  to  indicate 
the  possibility  of  a  primary  compression  failure  in  the  columns, 
the  use  of  spirally  reinforced  columns  would  be  preferable  even 
at  the  price  of  lowered  efficiency  against  lateral  bending#  Spiral 
columns  are  able  to  undergo  large  plastic  strains  in  the  concrete 
during  the  early  high-intensity  axial  loading# 

The  floor  girders  are  designed  to  remain  within  the  elastic 
range  during  the  plastic  yield  of  the  column.  While  it  is  possible 
to  have  the  plastic  joints  in  either  the  columns  or  the  girder,  the 
difference  in  design  strength  will  not  be  appreciably  changed  by 
either  method  as  the  weakest  member  will  govern  the  resistance 
developed  against  side sway*  The  decision  to  provide  the  plastic 
hinges  in  the  column  rather  than  in  the  girder  was  made  after  con¬ 
sidering  that  the  general  damage  will  probably  be  less  if  the  crack¬ 
ing  occurs  in  the  column  rather  than  in  the  floor  system,  that  the 
columns  are  generally  smaller  and  better  able  to  undergo  large 
strains  than  the  girders,  and  that  the  behavior  and  developed  strength 
of  the  girders  is  more  difficult  to  predict  due  to  the  combination 
of  the  effects  of  local  floor  loads,  sidesway  and  the  varying  stiff¬ 
ness  and  strength  of  the  floor  system  as  a  whole# 

The  frames  were  designed  in  accordance  with  the  procedures 
described  in  section  2#U#5  and  as  shown  by  example  in  Appendix 


a2«3«2  Steel  Frame  Buildings  -  Buildings  No^  2  and  6 

A.  Introduction 

Buildings  No.  2  and  No.  6  are  intended  to  perform  the  same 
function  for  steel  framing  that  Buildings  No.  3  and  No.  $  do  for 
reinforced  concrete  framing.  They  too  have  frames  of  equal  strength 
and  one  section  has  windows  while  the  other  does  not.  These  build¬ 
ings  are  typical  of  conventional  building  framing  except  that  the 
details  are  modified  by  the  intensity  of  the  loads. 

B.  General  Arrangement 

Again,  like  the  concrete  buildings,  the  steel  framed  buildings 
are  three -story  structures.  Each  section  is  19*-1**  in  width  with 
two  frames  or  bents  each  consisting  of  two  lines  of  rigid  steel 
frames,  spaced  10* -6’*  apart  as  shown  on  the  plans  and  details  of 
Drawing  60-09-06,  Sheets  1,  6,  and  7  in  Appendix  7#  The  floor  and 
roof  are  composed  of  UJ**  and  8”  one-way  slabs  respectively,  each 
slab  spanning  between  and  cantilevering  over  the  steel  floor  girders 
with  a  slab  reinforcing  arrangement  similar  to  that  in  Buildings 
No.  3  and  No.  5*  The  walls  consist  of  corrugated  metal  siding  which, 
in  most  cases,  is  supported  on  vertical  girts  which  span  from  floor 
to  floor.  The  girts  are  discontinuous  at  each  floor  level. 

C.  Detailed  Framing  and  Design 
1.  Foundations 

The  foundations  are  solid  $  feet  deep  mat  foundations  pro¬ 
jecting  8  feet  in  front  of  and  l*-6"  in  back  of  the  front  and 
rear  wall  faces  respectively.  Mat  foundations  were  used  to  pro¬ 
vide  the  weight  necessary  to  resist  overturning  or  rotation 
under  a  load  approximately  135^  of  the  given  theoretical  blast 
pressures.  This  foundation,  like  those  of  Buildings  No.  3  and 
No.  5,  is  designed  for  a  number  of  loading  conditions  ranging 
from  the  initial  condition  of  maximum  vertical  column  loads  to 
the  condition  of  maximum  moments  and  shears  with  minimum  thrusts. 
The  direct  stress  produced  by  the  horizontal  reaction  of  the 
lower  end  of  the  front  wall  plus  the  column  shears  has  a  great 
effect  on  reducing  the  quantity  of  footing  steel  required  by 
flexure.  The  force  resisting  sliding  at  any  point  on  the  base 
of  the  footing  is  assumed  to  be  proportional  to  the  vertical 
pressure  acting  at  that  point.  The  footing  projecting  beyond 
the  face  of  the  front  walls  receives  vertical  blast  pressures 
which  serve  to  stabilize  the  building  against  overturning.  This 
pressure  also  provides  an  end  moment  and  vertical  downward  force 
which  is  effective  in  neutralizing  the  otherwise  high  bending  mom¬ 
ents  in  the  footing  due  to  column  axial  loads,  shears,  and  moments. 
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The  footings  are  designed  to  remain  elastic  under  the  maximum  load¬ 
ing  conditions.  ^ 

2.  Floor  Slabs 

The  floor  slabs  are  connected  to  the  steel  floor  girders  by 
means  of  shear  clips  formed  by  light  3"  channels.  The  shear  clips  ^ 

function  partly  to  anchor  the  floor  slabs  to  the  steel  beams  and 
more  inq^ortantly  to  transmit  blast  pressure  loads  from  the  imlls 
to  the  frame.  The  shear  clips  also  act  to  form  a  conqjosite  section 
of  the  beams  and  slab  thus  stiffening  the  girder  and  reducing  the 
elastic  girder  deflections.  The  floor  slabs  are  designed  for  dead 
load,  a  1^0  p.s.f.  live  load,  and  shear  stresses  in  the  plane  of 
the  slab.  The  slab  is  designed  for  the  dead  and  live  loads  in  ac¬ 
cordance  with  the  conventional  regulations  of  the  American  Concrete 
Institute  Building  Code  Requirements  for  Reinforced  Concrete 
(ACI  318-I47)  except  where  controlled  by  the  stresses  produced  by 
the  lateral  forces. 

The  intermediate  floors  are  designed  assuming  that  the  blast 
pressures  either  do  not  occur  on  these  surfaces^  as  is  the  case  for 
Building  No.  2  which  is  completely  sealed,  or  that  the  pressures 
are  equal  on  the  top  and  bottom  surfaces  as  in  Building  No.  6. 

3.  Roof  Slabs 

The  general  framing  arrangement  and  loading  conditions  are  the 
same  as  for  the  concrete  buildings  except  that  the  slab  action  is 

assumed  one-way  throughout.  Shear  clips  are  used  between  the  roof  sr 

girders  and  the  roof  slab. 

U.  Walls 

The  walls  consist  of  protected  corrugated  metal  supported  by 
wide  flange  beams.  These  beams,  or  girts,  are  discontinuous  at 
each  floor  and  the  positive  reactions  are  supplied  by  direct  bear¬ 
ing  against  the  floor  slab.  Negative  reactions  and  rebound  at  each 
end  of  each  girt  are  resisted  by  two  bolts  embedded  in  the  floor 
slab.  The  corrugated  siding  and  girts  are  designed  for  plastic 
deflection  at  the  front  face  of  the  windowless  building  but  are 
largely  elastic  in  action  on  all  other  sides  and  in  Building  No.  6. 

The  front  and  rear  walls  of  these  buildings  are  not  identical  in 
strength,  the  rear  walls  being  designed  for  the  smaller  theoretical 
blast  loads  than  the  front.  The  front  and  rear  walls  of  the  steel 
building,  contrary  to  the  concrete  wall  behavior,  do  not  contribute 
to  the  frame  action  and  hence  equal  strengths  for  these  members 

would  be  highly  eaqpensive  without  adding  to  the  information  to  be  \ 

gained  in  the  test  program.  Details  of  the  wall  are  shown  on 
Sheet  8  of  Appendix  7* 
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Columns  and  Girders 


The  original  design  contemplated  using  two  member  sizes 
for  the  three  floors  of  columns  with  column  splices  near  the 
midheight  of  the  second  and  third  floors.  As  it  was  impossible 
to  use  this  arrangement  under  the  final  revised  pressure  loads 
and  still  maintain  a  fairly  uniform  floor  to  floor  deflection, 
the  framing  was  changed  to  sections  which  change  size  at  each 
floor  as  shown  on  Sheet  7  of  Appendix  ?♦ 

The  original  designs  also  used  riveted  split  beams  for  the 
girder  to  column  connections.  Because  of  difficulties  in  devel¬ 
oping  the  required  strengths,  these  connections  were  changed  to 
short  stub  sections  welded  to  the  columns.  These  girder  stubs  . 
furnish  sufficient  room  to  develop  the  required  rivet  splice  for 
the  lighter  center  section  of  the  girder.  The  connections  are 
all  designed  for  more  conservative  stresses  than  are  used  for 
the  rolled  sections,  the  yj-elded  joints  being  full  groove  welds 
with  double  the  static  yield  point  of  the  base  metal  and  with 
equal  ductility.  The  ultimate  rivet  loads  for  design  piirposes 
are  limited  to  double  the  conventional  allowable  rivet  loads. 

All  columns  and  girders  are  designed  in  accordance  with 
methods  described  in  section  2.U.5  C. 

The  roof  columns  are  field  spliced  to  short  stubs  welded 
to  the  roof  girders.  As  shown  fcy  the  drawing,  all  joints  are 
shop  welded  while  all  the  field  splices  are  riveted. 
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A2.3.3  Shear  Wall  Building  -  Building  No,  U 


A.  Introduction 

Resistance  to  lateral  deflection  by  use  of  shear  walls,  has 
been  widely  used  on  numerous  buildings  including  many  structures 
designed  to  resist  earthquakes.  In  this  type  of  building,  an  ex¬ 
tremely  rigid  path  is  provided  for  transferring  the  lateral  blast  ^ 

loads  from  each  floor  level  to  the  foundations.  The  front  wall 
reactions  at  each  floor  level  are  transmitted  through  the  floor 
slabs  to  the  shear  walls  and  through  the  shear  walls  to  the  found¬ 
ations.  The  system  of  interior  columns  and  girders  is  not  direct¬ 
ly  utilized  for  lateral  resistance  and  therefore  damage  resulting 
from  the  blast  is  expected  to  be  confined  principally  to  the  rigid 
shell  formed  by  the  front,  rear,  and  shear  walls.  Relatively  heavy 
damage  may  therefore  be  sustained  by  the  exterior  walls  without 
harming  the  contents  or  impairing  the  utility  of  the  building. 

B.  General  Arrangement 

The  shear  wall  building  is  a  completely  enclosed  three-story 
building  of  monolithic  reinforced  concrete,  36  feet  high,  53  feet 
v/ide,  and  52  feet  deep  in  the  direction  of  the  blast.  The  interior 
is  supported  by  two  rigid  frames  each  of  which  is  framed  in  the 
direction  of  the  blast  and  consists  of  four  columns  fixed  at  the 
base  and  continuous  with  floor  and  roof  girders.  The  frames  are 

spaced  between  the  side  walls  to  divide  the  building  into  three  v 

equal  bays.  The  front,  rear,  and  side  walls  are  of  reinforced  con¬ 
crete  one  foot  thick  as  shown  by  Drawing  60-09—06,  Sheets  1  and  10 
of  Appendix  7. 

■T 

The  exterior  columns  are  set  back  from  the  walls  to  prevent 
contact  with  the  front  and  rear  v/alls  at  their  maximum  anticipated 
deflected  positions.  Although  the  front  and  rear  walls  if  undam¬ 
aged  could  carry  the  exterior  column  loads,  these  columns,  placed 
away  from  the  shell  provide  a  boundary  separating  the  front  wall 
from  the  interior  framing,  and  although  there  may  be  some  damage 
in  the  front  exterior  bay,  it  is  not  expected  to  be  serious* 

The  front  and  rear  v/alls  are  continuous  members  which  extend 
from  the  foundation  to  the  roof  level  and  are  tied  to  the  floor  slabs 
at  each  floor  level.  They  are  designed  as  one-way  slabs  between 
floor  levels  except  at  the  shear  wall  ends  where  an  allovfance  was 
made  for  two-way  action.  During  the  rotation  of  the  structure  they 
act  as  vertical  beams  to  transfer  the  vertical  loads  from  the  adjac¬ 
ent  roof  and  floor  surfaces,  the  front  footing  and  the  strap  foot¬ 
ings  to  the  shear  walls. 

The  roof  is  designed  as  a  one-way  slab  spanning  between  the  ^ 

shear  walls  and  the  roof  girders  except  at  the  front  and  rear  wall 
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ends  Twhere  they  are  designed  as  tTO-way  slabs. 

The  floors  are  designed  as  one-way  slabs,  spanning  between  the 
shear  walls  and  the  floor  girders,  by  conventional  design  as  outlined 
in  the  American  Concrete  Institute  Building  Code  (2^).  In  addition 
they  are  analyzed  to  provide  for  the  transfer  of  the  lateral  loads 
from  the  front  wall  to  the  shear  walls. 

The  front  and  rear  walls,  the  shear  walls,  and  the  floor  and  roof 
slabs  have  been  made  as  monolithic  as  possible  in  order  to  have  the 
building  act  as  a  unit. 

The  foundations  for  this  building  consist  of  reinforced  concrete 
strap  footings  continuous  from  front  to  rear  under  each  of  the  inter¬ 
ior  frames  and  conventional  wall  footings  under  the  shear  walls.  These 
strap  footings  are  monolithic  with  and  restrain  members  under  the  front 
and  rear  walls  which  in  turn  restrain  the  bottom  ends  of  these  walls. 

A  concrete  slab  on  the  subgrade  is  provided  at  the  ground  floor  level* 
This  slab  has  been  made  monolithic  with  the  footings  and  provides  a 
clean  working  surface  as  well  as  an  efficient  method  of  tying ’the  foun¬ 
dations  together* 

This  building  is  located  between  the  concrete  frame  building  without 
windows  and  the  concrete  frame  building  with  windows,  Building  No.  3 
and  5*  The  joints  between  the  shear  wall  building  and  the  aajacent  con¬ 
crete  frame  buildings  are  sealed  against  the  blast  pressure  as  explained 
in  section  A2.2. 

Covered  doorways  through  the  shear  walls  provide  a  passage  way 
through  Building  No.  U  at  each  floor  level,  and  access  holes  are  pro¬ 
vided  in  each  floor  slab. 

C.  Details  of  Framing  and  Design 
1*  Foundations 

The  foundation  structui*e  is  shown  in  detail  on  Drawdng  60-09~06, 
Sheet  10  of  Appendix  7.  The  continuous  members  under  the  front 
and  rear  walls  are  6^-0"  wide  by  2^-0”  deep  and  extend  be¬ 

yond  the  face  of  the  front  wall  and  2* -6’*  beyond  the  face  of  the 
rear  \Tall.  The  front  wall  footing,  which  acts  as  a  beam  in  torsion 
between  the  front-to-rear  footings,  serves  to  supply  the  end  mom¬ 
ents  at  the  base  of  the  front  wall,  and  also  carries  the  vertical 
load  from  reflected  front  wall  pressures  acting  on  the  U  foot  pro¬ 
jection  beyond  the  face  of  the  front  wal-l.  The  projection  was 
provided  specifically  to  utilize  this  vertical  load  to  help  resist 
the  overturning  forces.  The  rear  wall  footing  v^as  designed  to  pro¬ 
vide  the  required  bearing  area  at  the  rear  wall.  The  magnitude  of 
this  reaction  is  discussed  in  subsection  U  belov^.  In  the  course  of 
the  foundation  analysis  it  was  found  that  the  magnitude  of  the  'lor- 
izontal  load  on  the  rear  wail  footing  due  to  frictional  resistarjce  of 
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the  soil  to  lateral  movement  of  the  structure  made  it  Impractical 
to  consider  the  transfer  of  this  force  as'  a  function  of  the  rear 
wall  footing  acting  as  a  beam  between  the  shear  walls.  It  was 
therefore  decided  to  provide  a  suitably  reinforced  6"  slab  at 
grade  to  transfer  this  thrust  from  the  rear  footings  to  the  shear 
walls  in  a  manner  similar  to  the  action  of  the  floor  slab. 

The  shear  wall  footings  are  2 ’-6"  wide  by  2'-0"  deep  and  are 
designed  to  carry  the  total  vertical  load  acting  on  the  shear  wall. 

The  continuous  strap  footings  running  from  front  to  rear 
under  the  columns  are  reinforced  concrete  members  U'-O"  wide 
by  U'-O"  deep.  These  footings  carry  the  axial  load  of  the 
columns  above  in  addition  to  the  torque  from  the  front  wall 
footing.  The  footing  is  designed  for  the  maximum  condition 
of  loading,  including  moment  and  horizontal  thrust  during  plas¬ 
tic  action  of  the  front  wall,  and  maximum  roof  load  on  the  columns. 

Due  to  the  rotation  of  the  structure  about  the  rear  footing 
the  front  end  of  the  strap  footings  tend  to  rotate  about  the  first 
interior  column.  The  ultimate  moments  of  these  strap  footings  is 
then  utilized  to  develop  shears  which  help  resist  the  overturning 
forces. 

2.  Second  and  Third  Floor  Slabs 

The  second  and  third  floor  slabs  are  one-way  reinforced  con¬ 
crete  slabs  6"  deep  which  span  between  faces  of  the  floor  girders 
and  between  the  face  of  floor  girders  and  the  interior  face  of  the 
shear  walls  as  shown  by  section  C— G ,  Sheet  10  of  Appendix  7 . 

These  slabs  are  designed  for  dead  load  plus  a  1^0  lb.  per  sq. 
ft.  live  load,  in  accordance  with  the  American  Concrete  Institute 
Building  Code  Requirements  for  Reinforced  Concrete  (A.G.I.3l8”47) . 
The  test  live  load  will  be  simulated  by  coral-filled  sand  bags  to 
give  an  average  load  of  100  lb.  per  sq.  ft.  as  explained  in  section 
2.U.7.  In  addition  the  floor  slabs  are  designed  to  transmit  the 
front  wall  reactions  in  the  plane  of  the  slab  to  the  shear  walls. 
They  were  analyzed  by  the  method  of  lattice  analogy  as  explained 
in  section  2.li.5  B-1.  This  analysis  yields  strains  caused  by  the 
horizontal  edge  loads,  and  from  these  strains  principal  stresses 
were  computed.  These  were  added  to  the  stresses  caused  by  the 
vertical  loads.  Steel  bars  were  provided  to  resist  the  principal 
tensile  stresses,  the  concrete  being  adequate  to  resist  the  shear 
and  compressive  stresses* 

As  the  building  rotates  dynamically  the  vertical  acceleration 
of  the  front  wall,  and  hence  the  front  edge  of  the  floor  slabs  is 
appro rimately  three  times  the  acceleration  of  gravity.  This  accel¬ 
eration  drops  to  zero  at  the  first  interior  columns  which  take  no 
part  in  the  rotation.  The  effective  forces  on  the  front  edge  of 
the  slab  due  to  the  acceleration  of  the  dead  and  live  loads  becoTie 
k  times  the  gravity  weight. 
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The  floor  slabs  were  also  checked  for  buckling  stability 
under  the  lateral  loads  as  discussed  in  section  B-h. 

3*  Roof  Slabs  and  Girders 


The  concrete  roof  slab  is  framed  in  a  manner  similar  to  the 
typical  floor  slabs  except  at  the  front  and  rear  wall  ends  where 
two-way  slab  action  has  been  taken  into  account*  The  roof  slab 
at  the  front  and  rear  walls  in  the  vicinity  of  the  shear  walls  will 
have  a  large  amount  of  reinforcement  due  to  the  necessity  for  pro¬ 
viding  dowels  to  transfer  the  horizontal  loads  to  the  shear  wall. 

On  the  roof  slab  and  girders  the  convention  design  for  dead  and 
live  load  is  replaced  by  a  plastic  limit  design  for  dead  load  plus 
the  dynamic  roof  loads  due  to  blast  pressure.  The  roof  slab  is 
11  inches  in  depth  and  was  originally  designed  for  a  deflection  of 
L/32  under  pressures  of  125^  of  the  predicted  pressure*  Later  re¬ 
visions  in  the  pressure  loading  and  a  change  in  the  position  of  the 
building  reduced  the  maximum  expected  deflection  to  near  the  elastic 
range.  An  analysis  of  the  roof  panel  at  13^%  of  the  revised  pres¬ 
sure  curves  indicates  that  in  the  region  between  the  front  wall  and 
the  first  line  of  interior  columns  some  plastic  action  can  be  ex¬ 
pected.  The  roof  girders  are  2 ’-6”  wide  by  2^-10”  deep,  and  were 
also  originally  designed  for  a  deflection  of  L/32  at  125^  of  the 
predicted  pressure  curve.  Later  revisions  in  the  predicted  roof 
pressures  have  greatly  reduced  the  expected  deflections,  even  under 
loading  of  13^%  of  the  latest  theoretical  pressure  curye* 

The  analysis  of  a  roof  system  where  plastic  deformation  takes 
place  in  the  slab  and  the  beams  remain  essentially  elastic  may 
be  simplified  by  considering  the  slab  as  supported  on  unyielding 
supports,  and  the  beam  may  be  assumed  to  carry  the  slab  reaction* 

If  both  the  slab  and  its  supporting  beams  are  in  the  elastic 
range,  or  if  both  are  in  the  plastic  range,  the  interaction  of 
the  two  elements  must  be  considered  for  an  accurate  prediction  of 
accelerations,  velocities  and  deflections* 


Elastically  the  problem  involves  the  vibration  of  a  continuous 
plate  on  elastic  supports  having  a  longer  period  of  vibration  than 
the  plate  itself.  If  the  ratio  of  natural  frequencies  is  large 
the  problem  can  be  resolved  into  two  independent  analyses  of  the 
two  components. 

Plastically  the  problem  cannot  be  solved  by  considering  the 
actions  of  the  two  components  as  independent,  because  the  yielding 
of  the  support  may  be  simultaneous  and  of  comparable  magnitude  and 
velocity  with  the  plate  deflection* 

A  step-by-step  method  of  solution  with  very  small  time  incre¬ 
ments  was  established.  The  method  involved  the  attainment  of  the 


dynamic  equilibrium  condition  for  each  time  interval  by  means  of 
successive  approximations*  The  problem  became  more  complex  for 
the  particular  case  of  the  roof  system  since  the  deflection  of 
the  girders  varied  from  zero  at  the  columns  to  a  maximum  at  mid¬ 
span* 


After  working  through  a  few  typical  solutions,  using  various 
assumptions  as  to  stiffness,  stress— strain  time  relations,  etc*, 
it  was  found  that  although  there  may  be  large  errors  in  the  inter¬ 
mediate  steps,  a  design  based  on  independent  action  of  the  slabs 
and  girders  would  yield  a  roof  system  which  would  be  satisfactory 
for  test  purposes* 

It  is  felt  that  the  test  results  will  give  sufficient  data 
to  evaluate  with  a  much  higher  degree  of  accuracy,  those  uncertain 
factors  which  minLmized  the  value  of  the  more  accurate  solution 
described  above.  In  the  final  design  of  the  roof  slabs  and  gird¬ 
ers,  the  methods  of  section  2.5  were  used  directly* 

h*  Front  and  Rear  Walls 


The  front  and  rear  faces  of  Building  U  are  covered  by  solid 
monolithic  concrete  walls*  These  walls  are  indicated  and  detailed 
on  Drawing  60-09-06,  Sheets,  1,  10  and  11  of  Appendix  7* 

To  provide  adequate  room  for  the  two  layers  of  reinforcing 
bars  which  are  required  in  each  face  of  each  wall  and  because  of 
the  beneficial  effects  of  high  mass  values,  the  front  and  rear 
walls  are  one  foot  thick.  Special  web  reinforcement  is  provided 
at  all  supports,  since  the  shearing  stresses  exceed  the  stresses 
appropriate  for  plain  concrete  when  the  wall  develops  its  full 
plastic  resistance.  This  condition  is  typical  for  one-way  slabs 
subjected  to  loads  comparable  to  the  front  wall  pressures  unless 
the  thickness  of  the  slab  is  much  greater  than  that  required  to 
develop  the  necessary  resisting  moments,  with  reasonable  steel 
percentages.  The  arrangement  of  this  web  reinforcement  is  as 
shown  on  Dra^^ving  60-09-06,  Sheets  11  and  12  of  Appendix  7.  The 
design  of  reinforcement  is  as  outlined  in  Appendix  A5-11. 

The  front  walls  of  Building  No.  U  were  originally  designed 
for  a  deflection  of  L/32  in  each  story  at  125^  of  the  predicted 
pressure  curves.  An  analysis  of  the  wall  panels  on  the  basis  of 
the  revised  pressure  curves  indicates  these  deflections  will  now 
be  reached  at  135^  of  the  predicted  blast  except  for  the  third 
story  front  wall  panel  v^hich  will  reach  its  maximum  allowable 
deflection  at  a  slightly  lower  percentage  on  this  floor  level  due 
to  the  increase  in  the  duration  of  the  blast  impulse.  Both  front 
and  rear  walls  are  designed  as  one-w^ay  slabs  except  for  the  half¬ 
panels  adjacent  to  the  shear  walls  which  were  necessarily  designed 
for  two-way  action.  This  two-way  action  carries  part  of  the  hor¬ 
izontal  blast  load  directly  to  the  shear  walls,  thus  reducing  the 
stress  concentration  which  might  normally  be  expected  at  the  front 
edge  of  the  floor  slabs  adjacent  to  the  shear  walls* 


In  addition  to  local  blast  loads  the  front  wall  v/as  designed 
as  a  simple  beam  spanning  vertically  between  the  shear  walls  dur¬ 
ing  dynamic  rotation  of  the  building.  The  loads  during  this  time 
consisted  of  the  effective  forces  due  to  the  dead  load  of  the  wall 
and  footing,  the  reflected  wall  pressure  on  the  projection  of  the 
footing,  and  the  shears  from  the  roofs,  floors,  and  strap  footings. 

The  rear  wall  is  of  the  same  thickness  and  has  substantially 
the  same  reinforcement  as  the  front  wall.  It  was  so  designed  be¬ 
cause  the  direction  of  the  blast  may  be  unknown  on  actual  install¬ 
ations  and  to  obtain, to  a  degree  of  symmetry,approxiraating  actual 
designs.  Because  the  blast  pressure  is  less  on  the  rear  face, 
the  over-reinforced  rear  wall  panels  will  carry  the  local  blast 
pressure  in  or  near  the  elastic  range. 

The  rear  wall  is  also  designed  as  a  vertical  beam  spanning 
between  the  shear  walls.  The  wall  is  loaded  at  the  lower  edge  by 
the  soil  pressure  which  acts  on  the  footing.  During  the  dynamic 
rotation  of  the  building,  as  discussed  in  Section  2.14..5-E,  the 
vertical  soil  reaction  on  the  footing  and  the  rear  wall  is  equal 
to  the  effective  v;eight  of  all  the  dead,  live  and  blast  loads  which 
correspond  to  the  rotating  portions  of  the  building. 

5.  Shear  Walls 


The  shear  avails  of  Building  No.  1;  are  solid  monolithic  con¬ 
crete  walls,  as  detailed  on  Drawing  No.  60-09-06,  Sheets,  1,  10 
and  12  of  Appendix  ?•  The  shear  walls  are  made  one  foot  thick 
in  order  to  keep  the  shearing  stresses  within  reasonable  limits 
in  addition  to  reasons  similar  to  those  explained  in  connection 
with  the  front  and  rear  walls.  The  shear  walls  receive  horizon¬ 
tal  shear  loads  through  floor  and  roof  slabs  and  from  the  front 
wall  panels.  The  sum  of  these  horizontal  loads  minus  the  inertial 
resistance  due  to  the  horizontal  component  of  the  rotational  accel¬ 
eration  equals  the  resistance  which  must  be  developed  at  the  foun¬ 
dations  to  prevent  sliding.  The  difference  between  this  value  and 
the  maximum  frictional  resistance  iflhich  can  be  developed  by  the 
foundation,  will  accelerate  the  building  horizontally  as  discussed 
in  section  2.I|.*5-F.  The  total  horizontal  shear  at  the  base  of 
the  shear  wall  is  therefore  equal  to  the  maximum  value  of  the 
developed  friction  as  noted  above.  For  buildings  with  basements 
or  deep  foundations  the  rotations  and  translations  will  probably 
not  be  important  and  the  required  resistance  will  be  a  function 
only  of  the  applied  loads. 

Since, for  the  ultimate  condition, the  plastic  deformation  of 
each  floor  slab  results  in  a  redistribution  of  the  stresses  based 
on  the  assumption  of  elasticity,  and  since  the  wall  itself  is  also 
designed  for  plastic  action,  the  shearing  stresses  along  the  wall 
were  assumed  uniformly  distributed  over  the  full  length  of  the  7fall 
parallel  to  the  blast.  Analyses  based  on  the  lattios analogy  bore 
out  this  assumption.  The  effective  forces  due  to  the  dead  weights 


and  the  blast  forces  from  the  roof  and  the  interior  of  Building 
No*  5  were  then  combined  with  the  shears  to  compute  the  principal 
stresses.  Sufficient  reinforcing  steel  was  then  added  to  resist 
the  tensile  stresses.  Although  only  one  interior  wall  receives 
lateral  blast  pressures,  the  total  effect  of  this  load  is  small 
and  both  walls  were  therefore  made  the  same.  Since  the  value  of 
the  shear  strength  which  can  be  developed  by  bond  between  succes¬ 
sive  pours  is  uncertain,  diagonal  dowels  were  supplied  to  resist 
the  horizontal  forces  at  each  horizontal  construction  joint. 

6.  Columns  and  Floor  Girders 


The  main  purpose  of  the  shear  wall  building  is  to  obtain  test 
data  on  the  action  of  shear  walls  under  actual  blast  loads.  The 
columns  and  floor  girders  will  not  be  subjected  to  large  primary 
deformations  except  in  the  front  exterior  bay,  where  the  rise 
of  the  front  wall  due  to  the  rotation  of  the  rigid  shell  causes 
distortions  of  the  floor  and  roof  girders. 

Since  the  major  loads  are  axial,  square  columns  with  spiral 
cores  were  adopted  as  most  efficient  for  this  condition  and  as 
possessing  the  greatest  toughness  and  shock  resistance.  The 
critical  design  condition  for  the  interior  columns  is  maximum 
axial  load  with  no  moment,  while  the  exterior  columns  are  de¬ 
signed  to  withstand  axial  load  and  moments  due  to  unbalanced 
floor  loads.  The  roof  girder  rotations  cause  local  bending 
failures  in  the  tops  of  the  columns  which  do  not  affect  the 
overall  axial  load  capacity. 

The  columns  are  designed  for  their  ultimate  loads  by  the 
methods  of  plastic  theory. 

The  floor  girders  are  I’-l'^  wide  by  l*-ll|*’  deep  and,  except 
for  the  front  exterior  bay,  are  designed  to  remain  elastic  during 
the  entire  blast  cycle. 
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A2.3.14  End  Cell  Buildings  -  Buildings  Noo  1  and  7 

A.  Introduction 

The  end  buildings  serve  primarily  as  end  seals  to  prevent 
the  entrance  of  blast  pressures  into  the  interior  of  Buildings 
No.  2,  3,  5  and  6  except  through  the  openings  specifically  pro¬ 
vided  for  that  purpose.  Rigid  reinforced  concrete  cell-type 
construction  was  adopted  as  most  practical,  based  on  considera¬ 
tions  of  strength,  economy  and  usefulness.  Additional  advantage 
has  been  taken  of  these  end  structures  by  utilizing  their  exter¬ 
ior  surfaces  to  support  numerous  test  panels  which  are  expected 
to  yield  valuable  information  regarding  the  behavior  of  several 
different  types  of  common  wall  construction  under  a  sufficiently 
wide  range  of  blast  pressures  to  cover  completely  the  maximum 
expected  variation  in  blast  pressures. 

B.  General  Arrangement 

These  buildings  are  three-story  structures,  $2  feet  deep 
measured  in  a  direction  parallel  to  the  blast  and  32j  feet  wide. 
Continuous  vertical  walls  and  horizontal  slabs  divide  the  inter¬ 
ior  into  9^  X  16  X  11§  foot  cells.  The  spans  of  the  test  panels 
on  the  front  and  rear  walls  are  llj  and  feet  in  the  vertical 
and  horizontal  directions  respectively.  On  the  side-walls  the 
test  panels  span  llj  feet  in  the  vertical  by  16  feet  in  the  hor¬ 
izontal  direction.  The  foundation  consists  of  a  heavy  reinforced 
concrete  mat  which  projects  beyond  the  exterior  walls  to  provide 
additional  stability  against  overturning. 

C.  Details  of  Framing  and  Design 
1.  Foundation 


The  large  pressures  from  the  front  and  side  which  act 
on  the  end  cell  buildings  result  in  overturning  moments  about 
both  the  rear  and  the  interior  edges  of  the  foundation.  To 
provide  stability,  the  width  of  the  end  cell  buildings  was 
increased  from  two  to  three  bays  in  the  early  stages  of  the 
program.  In  addition  it  was  necessary  to  provide  massive 
mat  foxindations  which  extend  7^  h  and  3  feet  beyond  the  front, 
rear  and  exterior  side  walls  respectively.  These  projections 
are  acted  on  by  vertical  blast  pressures  which  also  help  to 
counterbalance  the  overt-orning  moments  caused  by  the  horizon¬ 
tal  blast  loads.  As  a  result  of  the  combined  action  of  the 
horizontal  and  vertical  blast  loads,  soil  pressures,  which  are 
approximately  ten  times  as  high  as  those  which  might  normally 
be  expected  by  considering  only  dead  loads  and  conventional 
live  loads,  are  created  in  the  vicinity  of  the  rear  interior 
corner  of  the  foundation.  However,  the  load  will  act  for  only  an 
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extremely  short  period  of  time  and  it  is  expected  that  the 
foundation  soils  will  be  fully  adequate  at  the  test  site* 

The  behavior  of  soil  under  dynamic  load  is  discussed  in 
section  2*U#6* 

2.  Interior  Walls 

All  interior  walls  are  12  inches  in  total  thickness,  ^ 

and  are  designed  to  withstand  successfully  the  maximum 
blast  pressures  which  may  be  applied  to  the  faces  of  the 
corresponding  test  panels  which  they  support.  "Whenever 
one  of  the  test  panels  fails,  which  a  certain  number  are 
designed  to  do  at  any  pressures  greater  than  2/3  of  the 
basic  design  values,  no  further  structural  damage  will  take 
place,  nor  will  there  be  apy  interference  with  the  action 
of  the  adjacent  test  panels.  The  strength  required  to  ful¬ 
fil  their  function  as  structural  shear  v^alls  was  determined 
by  methods  similar  to  those  employed  in  designing  Building 
No.  li,  although  the  loads  per  wall  are  much  smaller  for 
these  buildings. 

3.  Floor  and  Roof  Slabs 


The  floor  slabs  in  each  story  are  8”  thick  between 
column  lines  A  and  B  and  6^’  between  column  lines  B  and  D. 
These  slabs  are  monolithic  over  the  entire  floor  and  are 
also  designed  to  resist  the  blast  load  as  described  above 
for  the  interior  walls. 

The  roof  slabs  are  also  continuous  in  two  directions 
and,  in  addition  to  their  other  functions,  serve  as  test 
panels  for  the  roof  pressures. 

U,  Exterior  Panels 


All  exterior  walls  consist  of  test  panels  constructed 
by  using  reinforced  concrete,  both  plain  and  reinforced  brick, 
corrugated  asbestos,  and  V-beam  sheets.  The  locations  of 
these  panels  are  shown  in  Appendix  3,  ”Key  to  Location  of 
V.'all  and  Roof  Panels,”  and  additional  data  regarding  the  de¬ 
sign  and  analysis  is  given  in  the  accompanying  table.  The 
test  panels  have  been  designed  to  reach  maximum  allowable 
deflections  at  varying  percentages  of  the  theoretical  blast 
loads  and  should  show  many  stages  of  plastic  deformation  for 
any  blast  load  greater  than  the  minimum  expected. 

The  shearing  stresses  in  the  concrete  panels  vary  from 
about  150  p.s.i.  to  hOO  p.s.i.  and  since  no  shear  reinforce¬ 
ment  has  been  provided,  the  post-test  analysis  should  yield 


272 


valtaable  infonnation  on  ^iear  strength  of  flexural  members 
subjected  to  inpulsive  loads* 

a.  Building  No*  1 

m 

The  nine  test  panels  which  make  up  the  front  wall 
vary  in  total  thickness  from  9  to  12  inches  and  have 
different  proportions  of  reinforcing  steel,  the  percent- 
»  age  ranging  from  0.27^2  to  l.OU;?.  Five  panels  have  two- 

way  reinforcement  and  the  remaining  four  have  one-way 
reinforcement*  The  reinforcement  in  three  of  these  one¬ 
way  slabs  spans  in  the  horizontal  direction  and  the  re¬ 
maining  panel  is  reinforced  to  span  in  the  vertical  direc¬ 
tion* 

The  rear  wall  of  Building  No.  1  consists  of  seven 
reinforced  concrete  one-way  panels  varying  in  thickness 
from  8  to  10|  inches  and  two  l6  inch  brick  panels,  one  of 
which  is  reinforced  with  single  3/8”  diameter  bars  at  the 
front  and  rear  face  of  each  horizontal  joint.  In  the  side 
wall  of  Building  No.  1  there  are  six  12  inch  thick  rein¬ 
forced  concrete  two-way  panels,  and  two  reinforced  brick 
panels  and  one  plain  brick  panel.  The  percentage  of  steel 
in  all  of  the  reinforced  concrete  panels  is  0. 27^*  The 
plain  brick  panel  has  a  total  thickness  of  12”  and  is  sup¬ 
ported  by  ledges  on  all  four  sides  and  by  a  vertical  IF 
steel  beam  at  the  center.  The  two  reinforced  brick  panels 
have  total  thickness  of  8”  and  12”  and  are  reinforced  with 
one  3/8”  diameter  bar  at  each  face  of  each  horizontal  joint. 
Concrete  ledges  on  three  sides,  a  steel  W  beam  on  the  fourth 
^  side,  and  a  steel  W  beam  at  the  center  of  the  horizontal 

dimension  support  the  panels  against  blast  loads. 

b.  Building  No.  7 


The  front  walls  of  Building  No.  7  consist  of  three 
reinforced  concrete  two-way  test  panels  with  0*3$%  steel 
and  six  panels  constructed  of  commercial  V-beam  type  sid¬ 
ing  supported  on  continuous  wood  blocks  at  varying  spaces 
ranging  from  approximately  ij  to  2j  feet.  These  blocks 
are  in  turn  anchored  to  and  supported  by  reinforced  con¬ 
crete  panels,  which  are  designed  to  mthstand  the  maximum 
expected  blast  pressure. 

Of  the  nine  test  panels  which  make  vp  the  rear  wall 
of  Building  No.  7,  three  are  one-way  reinforced  concrete, 
three  are  constructed  of  corrugated  asbestos  siding  sup¬ 
ported  by  continuous  wood  blocks  which  rest  on  reinforced 
concrete  panels,  and  the  remainder  are  covered  by  V-beam 
siding  supported  by  vertical  12  W  19  and  12  W  22  steel 
beams.  The  vertical  wide  flange  members  are  in  turn 
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supported  at  the  top  by  horizontal  12WF  27  beams  and  on  the 
bottom  by  a  concrete  ledge.  The  reinforced  concrete  panels 
are  10  and  10|  inches  in  total  thickness  and  the  main  rein¬ 
forcement  spans  in  the  vertical  direction.  The  corrugated 
asbestos  siding  is  sxipjiOTted  by  continuous  vertical  wooden 
blocks  spaced  approximately  1  to  ij  feet  apart  and  anchored 
to  and  si^ported  by  reinforcement  concrete  panels. 

The  side  wall  of  BuiUing  No.  7  consists  of  six  V-beam 
panels  supported  by  vertical  steel  members  "Which  vary  in 
spacing  from  approximately  3  to  U  feet  and  range  in  size 
from  lOWF  2$  to  lUW  30.  These  vertical  steel  members  are 
si^jported  at  the  top  by  horizontal  2UWF  76  beams.  The  re¬ 
maining  three  panels  are  covered  by  corrugated  asbestos 
supported  by  continuous  wood  block  which  vary  in  spacing 
from  8  inches  to  12  inches,  and  which  are  anchored  to  and 
supported  by  the  reinforced  concrete  back-up  panels. 

D.  Details  of  Construction 


Horizontal  one-way  test  panels  are  separated  from 
adjacent  floor  or  roof  slabs  by  three  inch  spaces.  For 
one-way  vertical  spans  the  same  clearance  is  provided 
relative  to  the  walls. 

A  double  layer  of  closely  woven  glass  fabric  is  used 
to  cover  tne  openings  around  the  test  panels  in  order  to 
seal  the  blast  pressure,  from  the  interior  of  the  building, 
from  building  up  behind  the  test  panels.  Fourteen  5  inch 
by  5  inch  holes  were  left  in  each  reinforced  concrete  back¬ 
ing  panel  to  prevent  trapped  air  from  building  up  interior 
pressures  as  the  light  wei^t  covering  material  deflects. 

The  V-beam  or  corrugated  asbestos  sheets  which  cover 
the  front  of  concrete  back-\:p  panels  are  connected  to  the 
wood  STj^^ports  by  means  of  -I  inch  diameter  bolts  spaced 
from  1  to  2  feet  apart  depending  on  their  location.  These 
anchor  bolts  are  also  embedded  in  the  concrete  backing 
panel  and  serve  to  resist  any  rebound  action  of  the  siding. 
Where  steel  beams  serve  as  st5)ports,  anchorage  against  re¬ 
bound  has  also  been  provided.  Concrete  panels  which  are 
expected  to  act  elastically  are  provided  additional  rein¬ 
forcement  to  develop  resistance  to  rebound  forces  which  may 
cause  reversal  of  raonants. 

For  those  test  panels  designed  to  develop  fixed  end 
moments,  dowels  are  provided  from  the  cross  walls  and  from 
floor  or  roof  slabs.  The  action  of  each  exterior  panel  was 
thus  made  irdependent  of  the  behavior  of  neighboring  panels. 


Large  shear  stress  will  be  developed  in  the  various 
panels  of  Buildings  No.  1  and  7  but  no  shear  re  infer  cenient 
was  provided.  It  is  expected  that  the  test  results  will 
yield  information  concerning  the  critical  shearing  strength 
of  concrete  under  rapid  loading* 

To  permit  entrance  into  any  part  of  the  cell  buildings 
after  construction,  an  access  way  is  provided  in  each  story 
in  the  interior  walls  of  each  cell*  These  access  ways  are 
provided  with  timber  covers  designed  to  withstand  the  blast 
pressure  if  an  exterior  panel  should  fail. 

Provision  has  also  been  made  to  leave  temporary'-  construc¬ 
tion  openings  in  various  places  to  aid  in  removing  formwork 
from  those  cells  which  will  be  completely  closed  off  during 
the  test* 


A2,3.5  Personnel  Shelter 

A.  Introduction 

The  underground  test  shelter  is  designed  to  provide  criteria 
for  judging  the  suitability  and  economy  of  various  types  of  per¬ 
sonnel  shelters.  As  the  design  characteristics  of  such  sections 
are  difficult  to  assess,  a  number  of  sections  of  different  strengths 
are  provided  for  comparative  purposes*  In  addition  to  the  previous¬ 
ly  mentioned  possibilities  of  error  in  blast  pressures  in  the  de¬ 
sign  and  analysis,  and  in  the  strength  of  materials ^ under  rapid 
load,  there  are  further  errors  involved  in  determining  the  distri¬ 
bution  of  vertical  and  lateral  soil  pressures  resulting  from  the 
dynamic  surcharge* 

B*  General  Arrangement 

The  test  shelter  is  arranged  into  two  general  types.  (See 
Drawing  No.  60-09-11,  Sheet  1  of  3,  Appendix  7.)  The  main  shelter 
is  divided  in  two  by  an  open  passageway  extending,  in  the  direc¬ 
tion  of  the  blast,  down  into  the  shelter  and  up  out  the  other  side. 
This  entranceway  is  of  uniform  width  and  depth  except  for  a  wider 
section  at  the  entrances  to  the  shelter  proper. 

On  one  side  of  the  passageway  a  heavy  structural  steel  door 
opens  into  a  shelter  formed  of  solid  reinforced  concrete  one  foot 
thick.  The  interior  is  8  feet  high  and  8  feet  wide, ^except  for 
small  haunches  at  the  corners,  and  l8  feet  long.  This  area  is 
subdivided  by  plywood  partitions  into  a  series  of  two  air  locks 
and  has  sleeves  and  opening  through  the  exterior  walls  as  required 
for  the  purposes  of  the  Chemical  Corps,  U.  S.  A. 

On  the  other  side  of  the  passageway  a  similar  door  opens  into 
a  series  of  four  circular  sections  each  8  feet  long  with  an  inside 
diameter  of  8 ’-6",  except  for  a  corrugated  metal  section  which  has 
an  inside  diameter  of  7  feet.  The  four  circular  sections  are  separ¬ 
ated  from  each  other  by  concrete  walls  one  foot  thick.  A  small  cov¬ 
ered  access  opening  is  provided  through  each  bulkhead. 

The  shelter  is  protected  by  approximately  6  feet  of  earth 

cover . 

C .  Details  of  Framing  and  Design 


1,  Rectangular  Section  of  Reinforced  Concrete 

The  rectangular  section,  as  described  under  general 
arrangement,  is  composed  of  a  series  of  one-way  and  two-way 
reinforced  concrete  members.  The  major  portion  of  the  length 
of  the  shelter  spans  one  way  acting  as  an  open  end  box  with 
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a  load  on  all  sides.  At  the  ends,  however,  the  end  walls  and  the  adjacent 
portions  of  the  side,  top  and  bottom  slabs,  carry  the  load  by  two-way  action. 
The  roof,  or  top  of  the  box,  was  designed  assuming  that  the  full  dead  load, 
the  full  load  of  the  earth  cover  above  the  shelter,  and  the  blast  pressures^ 
are  transmitted  directly  to  the  top  surface.  As  the  structure  deforms 
active  and  passive  pressure  will  be  built  up  on  the  sides  which  will  then 
act  to  restrain  the  top  corners.  It  is  assumed  that  this  restraint  will 
develop  plastic  hinges  at  the  corners  before  critical  damage  occurs  in  the 
top  slab.  The  sides  are  designed  to  resist  active  earth  pressure  with  a 
surcharge  equal  to  the  blast  pressure.  The  sides  must  also  be  strong 
enough  to  develop  the  full  plastic  moment  of  the  top  slab*  The  bottom 
is  designed  for  a  load  distribution  which  assumes  downward  pressure  of 
the  bottom  slab  acting  against  an  elastic  foundation.  The  reinforcement 
required  by  the  design  computations  is  relatively  light  in  spite  of  the 
small  allowable  deflections  and  the  high  intensity  loading. 

The  intensity  of  the  load  on  the  sides  is  important  in  order  to 
determine  the  thickness  and  strength  required  for  the  top  slab.  If  the 
thrust  of  the  sidewalls  on  the  ends  of  the  top  slab  is  high,  the  reinforc¬ 
ing  steel  is  materially  reduced.  Accurate  knowledge  of  this  side  thrust 
will  permit  major  economies  in  the  design  of  shelters  of  this  type. 

There  is  some  question,  in  the  case  of  personnel  shelters,  wheth¬ 
er  the  ultimate  capacity  can  be  represented  by  some  reasonable  plastic 
deformation,  as  was  the  case  in  the  other  buildings;  or  whether  the  ulti¬ 
mate  capacity  must  be  limited  to  deflections  within  the  elastic  range  to 
prevent  possible  injury  from  fragments  of  spalling  concrete.  Fiirther 
tests  can  clarify  this  consideration 

2.  Circular  Precast  Reinforced  Concrete  Sections 


Each  of  the  circular  concrete  sections  in  the  shelter  is  U  feet 
long,  8  inches  in  thickness,  and  has  an  8*-6**  inside  diameter.  These  sec¬ 
tions  are  precast  and  two  such  units  placed  end  to  end  make  up  each  of  the 
8  foot  sections  between  bulkheads.  The  two  imits  are  connected  together 
by  means  of  a  continuous  grouted  joint  or  key  extending  around  the  complete 
circumference.  The  outer  ends  are  free  of  the  end  bulkheads  but  a  two  ply 
membrane  water-proofing  is  provided  to  cover  the  joint  between  the  pipe 
sections  and  the  bulkhead.  Inside  and  outside  layers  of  reinforcement 
are  provided,  each  layer  being  placed  1  inch  clear  of  the  surface.  The 
amount  of  reinforcing  differs  in  the  three  sections. 

The  original  intention  was  to  use  high  bond  reinforcing  bars 
throughout  the  shelter.  Later  it  seemed  that  the  use  of  typical  smooth 
bars  as  wound  in  the  fabrication  of  conventional  precast  concrete  pipe 
would  be  preferable.  Whether  commercial  precast  pipe  of  this  type  is 
used  or  the  units  are  precast  at  or  near  the  site,  the  information  ob¬ 
tained  from  the  test  will  be  easily  converted  by  conventional  design 
procedures . 


Limit  designs  were  used  almost  exclusively  and  the  results 
seemed  satisfactory  from  a  practical  point  bf  view.  To  accomplish 
this  design  the  blast  pressure  loads  were  first  applied  to  the  top 
surface  with  various  percentages  of  this  vertical  load  assumed  applied 
horizontally,  against  the  sides,  as  an  active  pressure  from  a  sur¬ 
charge  load.  For  a  comparison  the  same  loads  were  assmed  applied 
at  the  top  and  the  sides  were  assumed  as  deflecting  outward  against 
the  passive  pressure  of  an  elastic  foundation. 

From  these  studies  it  was  found  that  small  changes  in  steel  per¬ 
centages  and,  consequently,  small  changes  in  total  cost  would  cause 
major  changes  in  behavior.  In  view  of  the  uncertainties  involved, 
it  was  decided  to  make  several  sections  of  varied  strength  whereby, 
in  the  post-test  analysis,  a  variety  of  deflection,  acceleration  and 
earth  pressure  records  could  be  studied  in  detail  in  order  to  develop 
more  exact  design  criteria, 

3,  Circular  Corrugated  Metal  Section 

The  corrugated  metal  type,  idiich  has  a  materially  lower  strength 
than  the  concrete  sections,  was  added  to  obtain  additional  design 
data  on  the  effect  of  the  large  deflections  of  a  flexible  pipe  on  the 
distribution  of  the  blast  and  earth  pressures. 

The  corrugated  metal  section  is  made  up  of  10  gage  plate  with 
1-3 A  inch  corrugations  at  a  6  inch  pitch.  The  circumference  consists 
of  four  separate  pieces  lapped  U— 3A  inches  and  connected  by  two  lines 
of  3 A  inch  round  bolts. 

li.  Blast  Resistant  Doors 


The  doors  leading  from  the  shelter  sections  to  the  passageway 
are  6»-ll"  by  2*-9"  and  consist  of  a  7/l6  inch  plate  stiffened  by 
vertical  and  horizontal  3  inch  and  5  inch  I-sections  at  l»-Ur5/8  inch 
centers.  The  door  is  hung  on  two  Stanley  hinges  capable  of  carrying 
the  weight  of  the  door  Tdiile  in  the  open  position.  These  hinges  are 
so  made  that  they  are  capable  of  flexing  and  thereby  allowing  the 
door  to  transmit  the  blast  pressures  directly  to  the  frame.  In  the 
closed  position  the  door  is  held  by  the  frame  for  pressures  toward 
the  shelter  and  against  rebound  forces  by  a  self  locking  stop  at  the 
hinge  side  and  three  heavy  latches  on  the  opposite  side. 

Details  of  the  door  are  shown  on  Drawing  60-09-11,  Sheet  3  of  3> 
Appendix  7, 

As  the  pressures  in  the  passageway  and  against  the  door  were  not 
given,  pressure  gages  were  installed  to  determine  whether  side-on, 
reduced,  or  increased  reflected  pressures  exist  at  this  point*  Because 
of  the  lack  of  detailed  information,  the  door  and  walls  were  designed 
for  side-on  pressure  while  the  roof  and  walls  of  the  passageway  were 
designed  using  2/3  of  the  incident  pressure  as  the  unbalanced  pressure 
between  the  inside  and  outside  faces. 


A2.3.6  Steel  Mill  Building 


A.  Introduction 


Single  story  died  type  buildings  Iramed  in  steel  are  commonly 
used  as  inexpensive  commercial  and  industrial  buildings.  These 
buildings  are  usually  designed  for  relatively  light  roof  and  wind 
loads  and  use  minimum  strength  coverings  and  light  supporting 
systems* 

Reports  on  the  behavior  of  these  structures  revealed  a  conplete 
failure  of  this  type  of  covering  under  the  action  of  heavy  blast 
loads.  Though  the  coverings  failed  during  the  initial  phases  of 
the  blast,  sufficient  inpulse  was  transmitted  to  cause  extensive 
damage  to  the  structural  frames. 

The  original  scope  of  this  contract  called  for  a  single  story 
steel  frame  building  with  adequate  strength  to  resist  a  blast  load 
of  somewhat  lesser  intensity  than  that  used  for  the  multi-story 
structure.  This  building  was  evaitually  deleted  because  of  its 
high  cost  and  because  part  of  the  ini’omation  could  be  obtained 
from  various  parts  of  the  multi-story  test  structure.  However, 
since  a  more  or  less  coiiplete  study  and  design  was  made  for  this 
building,  the  results  will  be  presented  in  soriie 

B.  General  Arrangement 

This  single  story  steel  building,  covering  an  area  25*  by  1|5*, 
was  framed  by  bents  l5  feet  on  center  spaced  parallel  to  the  dii*ec- 
tion  of  the  blast.  Each  bent  was  foimed  by  a  truss  6  feet  deep, 
rigidly  attached  to  wide  flange  columns  20  feet  high.  The  roof  and 
wall  framing  consisted  of  corrugated  steel  sections  supported  by 
wide  flange  purlins  and  girts  which  spanned  the  distance  between  the 
steel  bents.  The  tmisses  were  stabilized  along  the  centerline  of 
the  building  by  a  longitudinal  truss  of  the  same  depth  as  the  bent 
trusses.  Motions  in  the  longitudinal  direction  were  to  be  prevented 
by  bracing  in  the  planes  of  the  lower  chords  and  sidewalls.  Unless 
the  building  is  extremely  long,  conpared  to  the  bent  smcing ,  this 
roof  and  wall  bracing  rather  than  the  bent  framing  ^fo^jild  ordinarily 
furnish  the  lateral  resistance  to  the  blast  loads. 


C.  Details  of  Framing  and  Design 


Steel  structures  exposed  to  relatively  long  duration  loads 
must  have  a  relatively  high  resistance  if  plastic  distortion  is  to 
be  kept  within  reasonable  limits.  Because  of  the  low  mass  the  ac¬ 
tion  of  all  parts,  except  possibly  the  frame,  occurs  so  quickly 
that  little  change  takes  place  in  the  blast  intensity  during  the 
action.  For  this  reason  the  blast  pressxire  is  essentially  constant 
for  light  members  and  the  design  can  be  materially  simplified  by 
the  use  of  Dynamic  Load  Factors  (DLF)  similar  to  those  developed  in 
section  2.5*2  for  deformations  in  the  plastic  range  or  by  similar 


factrors  as  d© scribed  by  Frankland^^  ^ir  "the  defortnaiions  are  "to  be  kepb 
within  the  elastic  range.  The  Dynamic  Load  Factor  in  both  cases  is  a  func¬ 
tion  of  the  natural  frequency  of  the  meniber,  the  pressure-time  relationship 
and^in  the  case  of  plastic  action^is  also  a  function  of  the  ductility  of  the 
material. 

1.  Siding  and  Roofing 

The  siding  and  roofing,  whether  brittle  or  ductile,  may  be  designed 
by  methods  illustrated  in  section  2*5*3.  The  strength  of  the  covering  de¬ 
termines  the  girt  and  purlin  spacing  which  in  turn  governs  the  overall 
economy  of  the  framing.  The  table  of  figure  A2.3.6“’1  shows  the  girt  pac¬ 
ings  required  by  different  siding  materials  available  in  the  commercial  mar¬ 
ket. 


Spans  req'd.  for  commercial  siding  to  resist 

Blast  pressures  (Spans  given  to  nearest  1  ) 

Peak  Pressure 
p  s  i. 

10 

20 

30 

4  5 

6  0 

V-beam,  18  go. 

4'- 4" 

■3'  ” 

3-  i 

2  -  6" 

2'-  0" 

l'-9 

Corrugated 
Metal .  18  go. 

2-0" 

5" 

r-2" 

o'- 1 1" 

o' -10" 

Corrugated 

Asbestos 

i  -  2" 

o'- 10" 

o' -8" 

O'-  6" 

O'- 5" 

FIG.  A2.3.6-I 


2.  C-irts  and  Purlins 

The  siding  and  roofing  has  so  little  mass  and  such  hi^  frequency 
corrpared  to  the  girts,  that  the  blast  forces  will  be  transferred  to  the 
girts  and  purlins  with  little  distortion.  These  members,  depending  on 
location,  must  resist  impact  loads  of  the  type  shown  in  figure  A2.3.6-2. 


FIG.  A2. 3.6-2 

(ii2}J.  Jii.  Frankiand,  ” Effects  of  inpact  on  Sinpie  Elastic  structures^* 
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When  utilizing  plastic  range  deformation,  a  preliminary  design  can  readily 
be  made  by  either  the  graphical  methods  discussed  in  2.1;. 5  A8  or  by  the 
step  by  step  procedures  as  described  in  section  2.5.3*  The  step-by-step 
ic^Dulse  method  of  analysis  indicates  that  for  ductile  materials  a  DLF  lil 
will  produce  a  deflection  approaching  L/32  under  pressure  similar  in  shape 
to  those  in  figure  A2. 3*6-2.  In  most  cases  the  blast  pressures  will 
warrant  use  of  wide  flange  structural  shapes  for  both  girts  and  purlins. 

Static  tests  at  Lehigh  University  (12)  indicate  local  buckling  failures 
do  not  occur  in  WF  beams  stressed  well  into  the  plastic  range  if  the  loads 
are  applied  to  the  web.  The  possibility  of  web  buckling  may  exist,  however, 
if  loads  are  applied  to  ilanges.  This  possibility  may  be  safely  neglected  if 
the  duration  of  the  load  is  short  compared  to  the  natural  frequency  of  the 
beam;  but  in  general  it  is  advisable  to  provide  web  stiffeners  at  points  of 
high  shear. 

The  blast  pressure  acting  on  the  siding  is  transferred  to  the  girts  as 
a  rapidly  oscillating  pulse.  As  ^own  in  figure  A2.3*6-3  these  members  act 
against  the- frame  and  prodvce  reactions  equal  to  F  ,  F|  ,  and  Fg  • 
Theoretically  F  ^  F*  ,  ^  F|'  ,  and  F^  until  wall  and  roof  vibra¬ 

tions  cease,  but  the  oscillation  of  the  covering  is  so  rapid  relative  to 
the  svqppoiiiing  members  that  neither  the  average  force  nor  the  work  performed 
on  the  girts  and  purlins  is  sensibly  changed  if  the  blast  force  is  used 
directly  as  the  load  on  the  member  as  explained  in  section  2.3*5*  For  the 
same  reason  the  girt  and  purlin  reactions  on  the  frame  are  assumed  to  be 
equal  to  the  blast  pressure  forces  after  plastic  resistance  ceases  as  shown 
in  figure  A2.3*6-U.  The  design  is  materially  siB5>lified  by  this  assumption. 


Steel  siding  6  roofing 

(a) 


FIG.  A2.3.6-3 


F,  Fj  and  are  pressxire  forces 

F',  F'  and  F^  are  purlin  and  girt  responses 


(12)  W.  W.  Luxion  and  B.  G.  Johnston,  ^Plastic  Behavior  of  ViTide  Flange  Beams” 
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FIG.  A2. 3. 6-4 


3,  Truss 

Ths  major  ques'ti-ony  in  ths  dasign  of  tte  truss  is  the  desirability 
of  allowing  plastic  strains  in  the  truss  members.  While  there  is  no 
doubt  that  tension  nembers  can  take  considerable  plastic  strain,  allow¬ 
ance  of  plastic  defoinations  in  con5)ression  members  seems  questionable 
because  of  stability  requirements.  Plastic  strain  in  the  tension  members 
will  tend  to  furnish  non-rigid  3i;q)port3  to  the  ends  of  the  con^jrassion 
members  and  limit  the  forces  acting  on  the  conpression  members. 

The  forces  which  the  truss  must  resist  are  shown  in  figure  A2. 3.6-5. 
If  the  effective  mass  of  the  frame  is  assumed  to  be  concentrated  at  the 
truss  level,  the  chords  transmit  the  net  column  shear,  Vft  — ■  Vb  ,  which 
accelerates  the  mass  laterally  and  develops  moments  which  resist  the  side- 
sway.  and  Mb  are  the  column  moments  produced  by  side  sway  and  roof 

load.  The  diagonals  and  struts  perfonn  the  same  fhnctions  as  for  ordinary 
loads  and  in  addition  act  to  accelerate  the  roof  mass.  The  ibrces,  W* 
and  Wb  >  are  the  reactions  due  to  roof  loads,  F  ,  F'  and  unbalanced 
moment  Ma+  Mb  . 


F’ 

WNl/ 


t 


w.  W, 

FIG.  A2.3.6-5 
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The  rate  at  which  these  forces  are  applied  varies: 


The  column  shear,  Va  ,  is  a  function  of  forces,  ,  and  frame  deflec¬ 
tion,  8  •  The  F  force  has  the  greatest  effect  on  the  column  shear  and 

therefore  it  may  be  eaqpected  that  Va  will  vary  in  a  similar  manner  to  the 
front  wall  blast  pressure.  As  shown  in  figure  A2.3*6-U  the  girt  resistances 
>  tend  to  slow  down  the  rate  of  ^plication  to  the  frame  of  front  wall  pres- 

suires  but  for  practical  purposes  this  action  may  be  neglected. 

The  column  shear,  Vg  ,  depends  on  forces  F2  >  s^nd  deflection,  8  . 

Both  the  rear  pressure  forces,  F2  ,  and  column  resistances  due  to  lat- 
eral  deflection  of  the  frame,  S  ,  take  an  appreciable  time  to  build  to 
maximum  values.  The  expected  variation  of  Vg  is  similar  to  curve  b  , 
figure  A2.3-6-2. 

The  top  column  moments,  M  ,  ai^  dependent  on  the  frame  deflection,  8  , 
and  forces  F'  ,  and  either  F-'  or  f'  .  For  the  columns  along  line  A 
the  front  pressure  is  predominant  if  ihe  wall  is  framed  as  shown  in  figure 
A2.3*6-3*  In  this  case  the  moments  produced  at  the  top  of  the  column  by  the 
roof  load  and  sidesway  will  tend  to  reverse  the  moment  produced  by  the  front 
pressure.  The  variation  of  Ma  may  be  expected  to  be  similar  to  the  column 
shear,  Va  >  (refer  to  figure  A2.3.6-U)  except  that  the  roof  load  and  side- 
sway  moments  produce  a  reversal  sometime  after  the  frame  deflection  begins. 

On  the  other  hand,  the  moment  produced  at  the  top  of  columns  along  line  B 
will  increase  at  a  relatively  slow  rate  and  will  not  change  its  sense* 

The  column  reactions,  W  ,  produced  by  the  10 of  load,  F  >  Q-nd  the 
column  moments  Ma  8  M^  :  the  roof  load  F*  ,  will  have  the  greatest  effect 
on  the  vertical  shear. 

^  A  method  for  designing  trasses  to  resist  the  forces  described  is  dis¬ 

cussed  in  section  2.U.5'-G.  These  truss  members  and  truss  connections  become 
relatively  heavy  even  for  small  spans  at  appreciable  distances  from  the 
blast  center.  In  figure  A2.3-6-6  is  shown  a  portion  of  the  steel  bui3.ding 
^  framing  required  to  withstand  a  relatively  li^t  roof  pressure  of  approxi¬ 
mately  7  p.s.i.  Bay  Length  =  l2’-0" 
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U.  Columns 


As  may  be  seen  in  figure  A2.3»6— 3b,  girt  framing  details  affect  the 
column  resistance.  The  maximum  spacing  of  the  girts  irill  be,  in  general, 
less  than  on  center,  necessitating  a  framing  detail  as  shown  in  figure 
A2.3.^3a.  In  this  case  the  front  colxuans  (line  A)  will  offer  no  real 
resistance  to  sidesway  until  the  deflection  becomes  quite  large.  The  con¬ 
crete  wall  detail  shown  in  figure  A2. 3*6-7  xnay  prove  superior  to  the  light 
covering  on  closely  spaced  girts  in  this  respect#  Note,  however,  that  the 
girts  in  this  framing  must  be  appreciably  larger  than  for  steel  siding# 
Special  siding,  such  as  precast  panels  spanning  fzom  the  base  to  the  roof 
level,  may  be  used  to  provide  the  framing  shown  in  figure  A2.3*6— ?•  Such 
precast  panels  would  have  the  additional  advantage  of  increasing  the  effec¬ 
tive  mass  of  the  deflecting  structure. 


Concrete  Siding 


FIG.  A2.3.6-7 


The  analysis  of  the  frame  is  similar  regardless  of  the  girt  framing 
except  for  the  consideration  of  the  local  bending  effect  on  the  total 
resistance  against  sidesway. 

5.  Footings 

Because  the  columns  required  to  keep  deflection  within  practical 
limits  are  much  larger  than  needed  for  standard  loads,  advantage  should  be 
taken  of  the  increased  resistance  provided  by  fixing  the  column  bases# 

Since  additional  weight  is  needed  in  the  footings  to  prevent  overturning 
and  sliding,  the  footings  may  be  constructed  as  continuous  strips  from  the 
front  to  the  rear,  and  the  bottom  ends  of  the  columns  can  be  fixed  to  these 
members.  Conparative  estimates  of  various  frame  and  footing  combinations 
showed  considerable  economy  in  this  procedure* 
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-•■^Indicates  two-way  square  slab  or  two-way  portion  of  rectangular  slab 
o  Indicates  reinforced  brick  panel* 

•  Indicates  unreinforced  brick  panel* 


A3. 2  Total  Displacements  of  Frames  under  Various  Loadings 


Building 

Floor 

Design  %  of  Pressure  Curve 

6$% 

100^ 

135^ 

2 

R 

o.Uol 

1.626 

3 

0.207 

1.163 

2 

0.072 

0.198 

0.769 

3 

R 

o.Uoo 

1.190 

2.799 

3 

0.280 

0.776 

2.19U 

2 

0.118 

0.3U7 

1.180 

5 

R 

O.lUO 

0.392 

0.895 

3 

0.062 

0.320 

0.728 

2 

0.013 

0.19U 

0.503 

6 

R 

0.215 

0.359 

0.582 

3 

0.119 

0.188 

0.309 

2 

0.0U3 

0.067 

0.097 

General  Notes 

Displacements  shown  are  in  feet  and  are  based  on  Issue  No,  5 
pressure-time  curves  for  Buildings  No.  2  and  3  and  Issue  No.  6 
pressure-time  curves  for  Buildings  No.  5  and  6* 

The  design  unit  stresses  for  Buildings  No.  2  and  6  are  50,000 
p.s.i.  under  the  initial  blast  and  U0,000  p.s.i.  on  rebound.  The 
design  tmit  stresses  for  Buildings  No.  3  and  $  are  50,000  p.s.i. 
for  steel  and  3,000  p.s.i.  for  concrete. 
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BUILDING  1 


Location 

Acceleration  Ft/Sec 

Deflection  Ft# 
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^  oJT  Biast 

135$ 

150$ 

135$ 

150$ 

betureen  col*  lines 

A,B 
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+1170 

floors 

1,2 
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0#01 

0.02 
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100$ 
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100$ 
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0.30 
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floors 
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75$ 
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0.22 
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3,h 
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-  B50 

-  650 

$  of  Blast 

100^ 
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between  col#  lines 

3,k 
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0.30 
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floors 

2,3 

-  690 

ig  of  Blast 

100$ 

125$ 

between  col.  lines 

2,3 

floors  3, 

roof 

0.16 

Failure 

%  of  Blast 

150$ 

between  col.  lines 

+2260 

floors  3, 

roof 

-  960 

• 

Roof  Panels; 

%  of  Blast 

135$ 

135$ 

between  col^  lines 

A,B 

+2070 

0.10 

lines 

3, It 

-  620 

%  of  Blast 

135$ 

135$ 

between  col.  lines 

B,C 

+  560 

O.Oi; 

lines 

3,it 

-  532 

%  of  Blast 

135$ 

135$ 

between  col#  lines 

C,D 

+  203 

0#01 

lines 

3,1* 

-  229 
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BUILDING  2 


Location 

Acceleration  Ft/Sec^ 

Deflection  Ft- 

%  of  Blast 

65$ 

100$ 

135$ 

65$ 

100$ 

135$ 

Frame 

2nd  Floor 

+15  0 
-100 

+230 
-  85 

+310 
-  80 

.07 

.21 

.77 

3rd  Floor 

+170 

-110 

+260 
-  90 

+350 

-100 

.16 

.32 

1.17 

Roof 

O  O 

+200 

-130 

o  o 

.25 

.U3 

1.66 
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BUILDING  3 


Location 


Acceleration  Pt/Sec^ 


Displacement  Ft« 


$  of  Blast 


6556  100^  33556 
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2nd  Floor 
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Rear 


4  86 

-  35 
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-  56 

+  67 

-  38 


4  120 
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4  130 

-  65 

4  110 
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4  590 
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4  UtO 
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-  55 
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4  275 

-  345 
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4  765 

-  770 

4  300 

-  270 
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.12 


.28 


.40 
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1.18 


.025 

.037 

.140 
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2.80 


0.16 
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"  0.007 

«  0.005 


.030 

.065 

.003 

.003 

.003 

.003 


.060 

.072 

.024 
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building  U 


> 


/ 


4 


Location 


Acceleration  Ft/Sec' 


Displacement  Ft* 


%  of  Blast 


6$% 


10056 


Ifi/all  Panels:  (Front) 

let  to  2nd  Floors 

2nd  to  3rd  Floors 

3rd  to  Roof 


Wall  panels; (Rear) 

1st  to  2nd  Floors 

2nd  to  3rd  Floors 
3rd  to  Roof 


Roof  Slab  at  col*  line  B 


between  col.  lines  10,11 

at  col.  line  B,C 
between  col.  lines  10,11 

at  col.  line  C 
between  col*  lines  10,11 
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Roof  relative  to  3rd 
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Front,  Center,  Rear 


135^ 
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-  700 
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+  735 
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at  l/k  point  0.16 

t 

"  0.17 

0.22 


0.11; 

0.13 

0,12 


.15 

.07 

.03 


.16 


,003 


.01 


+02 
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BUILDING  5 


BUILDING  6 


Location 

Acceleration  Ft/Sec^ 

Deflection  Ft. 

%  of  Blast 

65^ 

100? 

135? 

65? 

100? 

135? 

Frame: 

2nd  Floor 

+  90 
-  52 

+ll|0 
-  80 

+190 

-no 

,0k 

.07 

.10 

3rd  Floor 

+10U 
-  75 

+160 

-108 

+215 
-  96 

«12 

.19 

.31 

Roof 

CM  O 

fH 

+  1 

+150 

-175 

.21 

•36 

. 

.58 
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Location 


Wall  Panels: 

$  of  Blast 

60$ 

80$ 

between  col.  lines  B,C 
Floors  1,2 

±10650 

+1U200 

%  of  Blast 

60$ 
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Acceleration  Ft/Sec^ 


Deflection  Ft* 


60^ 

0.028 

60^ 

O.Olit 


60^  100$  150$ 

0,01  0.015  0.023 

60$  100$  i5o$ 

0.026  O.OUO  0.050 
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BUILDING  2 


Location  &  Strain  ■  Tensile  Strain  CQS^ompresaion  ey«  Shear 

Hid«-hei^t  of  columns  from 

3rd  Floor  to  Roof 
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Cols,  at  A  *0  “ 

■  0.005$ 

«v  • 
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SECTION  1 

H  EXCAVATION,  FILLING,  AND  BACI^F IDLING 

1-01.  SCOPE;  The  work  covered  by  this  section  of  the  specifica¬ 
tions  consists  in  furnishing  all  plant,  labor,  equipment,  appliances 
and  materials,  and  in  performing  all  operations  in  connection  with  the 
excavation,  filling,  and  backfilling,  complete,  in  strict  accordance 
with  this  section  of  the  specifications  and  the  applicable  drawings, 
and  subject  to  the  terms  and  conditions  of  the  contract* 

1-02. (*)  CLASSIFICATION  OF  EXCAVATION:  Excavation  shall  be  class¬ 
ified  as  follows; 

a.  Earth  Excavation;  Earth  excavation  shall  consist  of  ma¬ 
terial  not^'having  the  properties  to  be  classified  as  rock  excavation. 

b,  1^0 ck  Ejtppavation:  Rock  excavation  shall  consist  of  material 
which  makes  its  removal  and  handling  by  power  shovel  impractical,  except 
after  preliminary  breaking  by  the  use  of  explosives.  The  Contracting 
Officer  shall  be  the  judge  as  to  the  necessity  for  the  use  of  explosives. 

1-03.  EXCAVATION: 

General ;  The  area  indicated  on  the  drawings  shall  be 
cleared  of" all  natural  obstructions  and  other  items  v^ich  will  interfere 
vdth  the  construction  operations.  The  excavation  shall  conform  to  the 
dimensions  and  elevations  indicated  on  the  drawings  for  the  buildings, 

^  except  as  specified  below,  and  all  work  incidental  thereto. 

As  soon  as  the  site  has  been  established  borings  and  probings 
shall  be  made  so  as  to  determine  the  characteristics  of  the  soil,  to 
locate  any  large  voids  or  water  pockets,  and  to  establish  the  depth -of 
the  bed  rock*  The  foundation  bearing  shall  be  as  indicated  on  drawing 
No*  1,  i.e.,  10  tons  p.s.f.  under  the  rear  portion  of  the  building  and 
3  tons  p.s.f*  under  the  front  portion  of  the  building.  Four  load  tests 
shall  be  made  along  the  line  of  the  rear  footings,  one  at  each  of  build¬ 
ings  1  and  7  plus  two  intermediate  load  tests  between  buildings  1  and  7. 

A  stress  strain  load  curve  shall  be  drawn  for  each  load  test  point  ih- 
creasing  the  load  in  two  ton  increments  from  zero  to  either  12  tons  p.s*f. 
or  the  yield  point  of  the  soil,  whichever  is  less.  For  each  increment 
the  load  shall  remain  in  place  until  there  is  no  settlement 
in  a  two-hour  period.  The  yield  point  is  defined  as  the  load  under  which 
the  strain  continues  to  increase  under  the  applied  load.  If  the  load 
tests  indicate  that  the  yield  point  of  the  soil  under  the  rear  wall  foot¬ 
ings  is  less  1±ian  10  tons  per  square  foot  the  foundations  materials  shall 
either  be  removed  and  replaced  by  a  lean  (1:8)  mix  concrete,  or  consoli- 
^  dated  by  injection  of  a  neat  cement  grout.  If  suitable  bearings  are  en¬ 

countered  at  different  elevations  from  those  indicated  on  the  drawings 
the  footing  depth  may  be  increased  up  to  12  inches.  In  no  case,  however, 

(^)  Inapplicable  if  construction  is  carried  out  under  a  cost-plus-fixed- 

fee  IcPFF)  Contract, 
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shall  the  top  of  the  footing  be  changed  or  the  depth  of  the  footing  be 
decreased  from  that  shovm  on  the  drawings, 

^  All  pockets  beneath  the  footing  areas  shall  be  filled  with 
group  of  the  above  mix. 

Where  the  excavation  under  the  first  floor  slabs  of  Buildings 
No,  2  to  No,  6  inclusive  is  made  below  the  elevations  shown  on  the  draw¬ 
ings,  the  subgrade  shall  be  restored  to  the  proper  elevation  in  accord¬ 
ance  with  the  procedure  hereinafter  specified  under  1-05.  Backfilling, 

Excavation  shall  extend  a  sufficient  distance  from  walls  and 
footings  to  allow  for  placing  and  removal  of  forms,  and  for  inspection, 
except  where  the  concrete  for  walls  and  footings  is  authorized  to  be 
deposited  directly  against  excavated  sxirfaces.  Undercutting  will  not  be 
permitted.  Suitable  excavated  material  which  is  required  for  fill  under 
slabs,  shall  be  separately  stockpiled  as  directed  by  the  Contracting 
Officer. 


b ,  Drainage  in  Vicinity  of  Buildings  and  Other  Structiires ; 

The  contractor  shall  control  the  grading  in  the  vicinity  of  buildings 
and  other  structures  so  that  the  surface  of  the  ground  will  be  properly 
sloped  to  prevent  water  from  running  into  the  excavated  areas.  Any  water 
which  accumulates  in  the  excavation  shall  be  removed  promptly, 

£•  Shoring:  Such  shoring  as  may  be  required  during  excavation 
shall  be  installed  to  protect  the  banks,  adjacent  paving,  structures  and 
test  utilities, 

d.  Excess  Material;  Excess  material  from  excavation,  not  re¬ 
quired  for~ fill  or  backfill,  shall  be  wasted.  Wasted  material  shall  be 
spread  and  leveled  or  graded,  as  directed  by  the  Contracting  Officer. 

1-04.  FILLING:  Where  concrete  slabs  are  placed  on  earth,  undesir¬ 
able  material  as  determined  by  the  Contracting  Officer,  shall  be  removed. 
Where  fill  Is  required  to  raise  the  subgrade  for  concrete  slabs  to  the 
elevations  as  indicated  on  the  drawings  or  as  required  by  the  Contract¬ 
ing  Officer,  such  fill  shall  consist  of  broken  stone,  sand,  gravel,  or 
other  material  approved  by  the  Contracting  Officer. 

1-05.  BACKFILLING;  After  completion  of  foundation  footings  and 
walls  below  the  elevation  of  the  final  grades,  and  prior  to  backfilling, 
all  forms  shall  be  removed  and  the  excavation  shall  be  cleaned  of  all 
trash  and  debris.  Backfill  sloall  be  placed  in  horizontal  layers  not  in 
excess  of  9  inches  in  thickness,  and  shall  have  a  moistxire  content  such 
that  the  required  degree  of  compaction  may  be  obtained.  Compaction 
shall  be  equal  to  tliat  secured  by  5  passes  of  a  loaded  3  cubic  yard  dump 
truck  with  dual  tires  or  as  approved  by  the  Contracting  Officer, 
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1-06.  (*)  MEASUREi-IENT:  The  unit  of  measxarement  for  excavation  shall 
be  a  cubic  yard.  The  yardage  used  for  calculating  the  amounts  of  excava¬ 
tion,  fill,  and  backfill  shall  be  based  on  the  volume  excavated  within 
the  neat  lines  of  foundation  walls,  piers, or  other  subgrade  construction, 
from  the  elevation  of  the  existing  surface,  as  determined  by  the  Con¬ 
tracting  Officer,  and  the  bottom  of  excavation. 


(*)  Inapplicable  if  construction  is  carried  out  under  a  cost-plus-fixed- 
fee  (CPFF)  contract. 
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SECTION  2 


CONCRETE 

2-01.  SCOIE:  The  work  covered  by  thie  section  of  the  specifica¬ 
tions  consists  in  furnishing  all  plant,  labor,  equipment,  appliances 
and  materials,  and  in  performing  all  operations  in  connection  with  the 
instedlation  of  concrete  work,  complete,  in  strict  accordance  with  this 
section  of  the  specifications  and  the  applicable  dratrings,  and  subject 
to  the  terns  and  conditions  of  the  contract. 


2-02,  APPLICABLE  SPECIFICATIONS:  The  following  specifications 
form  a  part  of  this  specif icationj 

a.  Federal  Specifications; 

QQ-B-71a,  Bars;  Reinforcement  (for  Concrete) 

SS-C-192,  Cements;  Portland 

UU-P-264.  Paper,  Kraft,  Concrete-Curing,  Water¬ 
proofed, 

DDD-M-148,  Mat;  Cotton,  for  Concrete-Curing 

b.  Joint  Armv-Navy  Specification t 
Jan-P-66,  Plywood,  Plat  Panel 

£•  American  Society  for  Testing  Materials;  Standard 


Designations; 


A  82-34 
A  185-37 
C  31-44 

C  39-44 
C  40-33 
C  114-44 
C  143-39 


Specification  for  Cold  Drawn  Steel 
Wire  for  Concrete  Reinforcement 
Specification  for  Welded  Steel  Wire 
Fabric  for  Concrete  Reinforcement. 
Method  of  Making  and  Curing  Concrete 
Concession  and  Flexure  Test  Specimens 
in  the  Field 

Method  of  Test  for  Compressive  Strength 
of  Molded  Concrete  Cylinders. 

Method  of  Tost  for  Organic  Iii5)urlties 
in  Sands  for  Concrete 
Standard  Methods  of  Chemical  /umlysis 
of  Portland  Cement 

Method  of  Slupp  Test  for  Consistency 
of  Portland  Cement  Concrete 


■  jf 
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2-03.  MATERIALS; 

^  a.  Acelerating  Agent;  No  accelerating  agent  shall  be  \:aed 

except  by  the  written  consent  of  the  Contracting  Officer, 

b.  Aggregate ;  Aggregate  shall  conform  to  the  requirements  of 
the  Contracting  Officer. 

c.  Cement:  Cement  shall  be  used  in  the  sequence  of  shipments 
received,  unless  otheivlse  directed  by  the  Contracting  Officer. 

(1)  Pn-rt.innil  Cement;  Portland  Cement,  except  high-early- 
strength  portland  cement,  shall  conform  to  the  i^tdrements  of  Federal 
Specifications  typo  I,  la,  II,  or  Ila  as  directed  by  the  Contracting 
Officer. 

(2)  High-Earl Y-Strength  Portland  Cement;  High-early- 
strength  portland  cement,  where  use  is  approved  by  the  Contract!^ 
Officer,  whan  conform  to  the  requirements  of  Federal  Specification 
SS-C-192  type  III. 

d.  Curing  Treatments; 

(l)  Kraft  Paper:  Kraft  paper  shall  conform  to  the  re- 
^  quirements  of  Federal  Specification  UU-P-264,  and  shall  be  treated  so  as 

to  possess  a  strength  when  wet  that  will  afford  good  resistance  to  scxif- 
fing  and  shrinkage. 

^  (2)  Quilts;  Quilts  shall  conform  to  the  requirements  of 

Federal  Specification  SjnO-ll-lUS. 

(3)  Burlap;  Burlap  shall  be  of  commercial  quality,  and 
when  used  shall  be  in  not  less  than  2  layers, 

(4)  Water  or  Membrane-Compound  Ctiring;  Curing  may  be 
accomplished  by  effective  protection  of  all  exposed  surfaces  against 
moisture  loss  as  specified  above  or  by  either  of  the  methods  under  this 
heading,  as  ordered  by  the  Contracting  Officer, 

e.  Drainage  Fill;  Fill  under  the  concrete  floor  slab  shall 
be  broken  stone,  gravel,  or  other  coarse  material  satisfactoiy  to  the 
Contracting  Officer.  Kraft  paper  over  drainage  fill  shall  conform  to 
the  requirements  of  federal  Specifications  UU-P-264. 

f.  Forms;  Forms  shall  be  of  wood,  metal,  or  other  material 

I  as  approved  by  the  Contracting  Officer 

(l)  Wood  Forms; 

(a)  Concrete  Surfaces;  Wood  forms  for  concrete 
surfaces  shall  be  No,  2.  common  or  better  lumber. 
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(2)  Plywood:  Plywood  for  forms  shall  conform  to  the 
requirements  of  Joint  Army-Navy  Specifications  Jan-f-66  Commercial 
Douglas  fir  moisture  resistant,  concrete  form  plywood,  not  less  than 
5  ply  and  at  least  9/l6  inch  thick* 

^3)  Metal  Forms:  Metal  forms  shall  be  of  a  type  ap¬ 
proved  by  the  Contracting  Officer,  that  will  produce  surfaces  equal  to 
those  specified  for  wood  forms. 

(^)  Form  Oil:  Form  oil  shall  be  a  non-staining  mineral 

oil. 

^5)  Form  Ties;  Form  ties  shall  be  of  design  approved 
by  the  Contracting  Officer.  Ties  shall  be  adjustable  in  length  and 
free  of  devices  which  will  leave  a  hole  of  depression  back  of  the  ex¬ 
posed  surface  of  the  concrete  larger  than  7/8  inch  in  diameter. 

jg.  Reinforcement  Bars;  Reinforcement  bars  for  concrete  shall 
conform  to  the  requirements  of  Federal  Specifications  QQ-B-71a,  type  B, 
deformed,  grade  2,  intermediate  billet,  The  deformations  shall  be  a 
high-bond  type,  conforming  to  the  reqiiirements  of  A.S.T.M.  Specifica¬ 
tions  A305-49  Types  and  grades  of  steel  for  specific  purposes  shall  be 
as  specified  below. 

Stirrups;  Stirrups  shall  be  of  type  B,  deformed, 
grade  2  intermediate  billet. 

(2)  Column  Spirals;  Column  spirals  shall  be  plain  cold- 
drawn  wire  conforming  to  the  requirements  of  American  Society  for  Test¬ 
ing  Materials  Standard  Specification  A82-34. 

(3)  Mill  Retxprts;  Certified  copies  of  mill  reports 
shall  accompany  all  deliveries  of  reinforcing  steel, 

h.  Mesh  Reinforcement;  Mesh  reinforcement  for  slabs  shall 
conform  to  the  roqxiiremonts  of  A.S.T.M*  Specification  A185-37. 

is*  Water;  Water  shall  bo  clean,  fresh,  free  from  oil,  acids, 
alkali,  vegetable,  sewage,  organic  or  other  deleterious  matter. 

2-04.  ADMIXTURES: 

fi*  Admixtures;  Admixtures  other  than  air  entraining  admix¬ 
tures  shall  be  used  only  with  the  written  consent  of  the  Contracting 
Officer. 

h*  Tests ;  Tests  of  admixtOTes  will  be  made  by  the  government 
in  accordance  with  applicable  Federal  or  A.S.T.M,  Specifications  or  as 
otherwise  prescribed  by  the  Contracting  Officer. 
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2-05*  SAMPLES  AM)  TESTING; 

a*  General:  Testing  of  the  aggregate  and  reinforcemont  shall 
bo  the  res^nsibility  of  the  contractor.  The  testing  equipanent  and 
jnethods  shall  be  approved  by  the  Contracting  Officer.  Cement  will  be 
tested  at  the  mill  by  the  Bureau  of  Standards  at  the  Contractor's  ex¬ 
pense,  No  material  shall  be  used  in  the  concrete  until  certified  copies 
of  the  results  of  tests  are  approved  in  writing  by  the  Contracting  Of¬ 
ficer,  Samples  of  concrete  for  strength  testa  of  end  items  shall  be  pro¬ 
vided  and  stored  by  the  contractor  when  and  as  directed  by  the  Contract¬ 
ing  Officer, 

Aggregate;  Aggregate  shall  be  tested  as  prescribed  in 
Federal  Specification  SS-A-281  or  as  directed  by  the  Contracting  Officer. 
In  addition  fine  aggregate  shall  be  tested  for  organic  impurities  in  ac¬ 
cordance  with  American  Society  for  Testing  Materials  Standard  Method  of 
Test  C  40-33- 

c.  Reinforcement 

Ten  sample  reinforcing  bars  of  12  inch  length  shall  be 
taken  from  each  building  for  each  of  the  following  size  groups:  5/8  inch 
or  less,  5/8  inch  to  1  inch,  and  over  1  inch  size.  The  ten  samples 
shall  be  selected  so  as  to  represent  a  specimen  from  the  wall  steel, 
the  floor  slab  steel,  the  roof  slab  steel,  the  colimin  steel,  and  founda¬ 
tion  steel.  Each  specimen  shall  bo  securely  tagged  so  as  to  identify 
the  source  of  the  sample  with  respect  to  the  building  and  shall  be  for¬ 
warded  by  the  contractor  to  the  testing  laboratory  as  directed  by  the 
Contracting  Officer. 

d.  Concrete; 

(1)  Cylinders  (see  table  below);  Three  test  cylinders 
shall  be  made  for  each  floor  and  roof  slab  of  each  building  (three 
cylinders  per  floor)  and  each  wall  and  column  system  (three  cylinders 
between  each  floor)  for  each  building.  One  cylinder  of  each  sot  of 
three  shall  be  tested  for  strength  by  the  contractor  at  7  days  (if 
regular  portland  cement  is  used;  or  at  3  days  (if  hlgh-^arly  cement*  is 
used).  The  second  cylinder  of  each  set  shall  be  tested  for  strength 

by  the  contractor  at  28  days  or  7  days  for  regular  or  high-early  portland 
cement  respectively.  The  third  cylinder  of  each  set  shall  be  forwarded 
by  the  contractor  to  a  testing  laboratory  as  directed  by  the  Contracting 
Officer. 

(2)  Tost  Beams;  Four  test  beams  for  each  building  shall 
be  fabricated  by  the  contractor  in  accordance  with  the  details  of  the 
test  beam  as  shown  on  the  drawings.  One  test  beam  shall  be  made  from 
the  foundation,  the  second  floor,  the  third  floor,  and  the  roof  concrete. 
The  contractor  shall  take  pains  to  maintain  the  dimensions  shown  on  the 
drawings.  The  test  specimens  shall  be  cured  to  the  same  extent  as  the 
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prototype  structiore.  Each  tost  boam  shall  bo  tagged,  identified  and 
forwarded  as  provided  hereinbefore  under  Section  2-05,  c.  Roinforconont, 


TABLE  SHOWING  MUTIMUM  COMPRESSIVE  STRENGTH  AT  7  DAIS  AND  26  DAYS: 


Coiqjressive 
strength 
Type  of  for  design 
Concrete  purposes 

A  3000 


Average  for  any  5 
consecutive 
cylinders 
Pounds  per  sq,  in. 
at  7  days  at  28  days 

2400  3600 


Any  one  cylinder 

Pounds  per  sq,  in, 
at  7  days  at  28  days 

2000  3000 


Concrote  made  with  high-early  strength  cement  shall  have  a  7  day  com¬ 
pressive  strength  cqml  to  the  specified  minimum  28  day  compressive 
strength  for  concrete  of  the  typo  specified  made  with  ordinary  portland 
cement  ♦ 


2-06,  STORAGE:  Storage  accomodations  shall  be  subject  to  the 
approval  of  the  Contracting  Officer,  and  shall  be  such  as  to  permit  easy 
access  for  inspection  and  definite  identification  of  each  shipment  in 
accordance  \dth  the  report  of  tests, 

S*  Co^nent;  Immediately  upon  receipt  at  the  site  of  the  work,  ^ 

cement  shall  bo  stored  in  a  dry  weathertight,  properly  ventilated  struc¬ 
ture  with  adequate  provision  for  the  prevention  of  absorption  of  mois¬ 
ture,  ^ 


h*  Aggregate :  Aggregate  shall  be  stored  to  avoid  the  inclu¬ 
sion  of  any  foreign  matter  in  the  aggregate  and  resulting  concrete. 

Storage  piles  shall  be  maintained  in  a  manner  that  will  afford  good 
drainage,  prevent  segregation  of  particle  size  and  preserve  the  aggre¬ 
gate  gradation.  Sufficient  live  storage  shall  be  maintained  at  all 
times  to  allow  placement  of  concrete  at  the  reqtiired  rate  and  to  permit 
time  for  and  inspection, 

2-07.  TYPES  OF  CONCRETE  AND  USAGE: 

ji.  Type  A  Concrete;  Type  A  concrete  shall  bo  used  for  all 
concrete  shown  on  the  drawings  or  specified,  unless  othendso  proscribed 
by  the  Contracting  Officer, 

2-08,  PROPORTIONING  OF  CONCRETE;  All  materials  used  in  the  concrote 
shall  bo  proportioned  by  weight  and  In  a  manner  directed  or  approved  hy 
the  Contracting  Officer,  Prior  to  placing  the  concrete  in  the  structure, 
a  sufficient  number  of  trial  design  batches  shall  be  made  and  cylinders 
thereof  tested  to  determine  the  mix  to  be  used. 
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a,  Meastirementa: 

(1)  Cement ;  A  one  cubic  foot  bag  of  portland  cement  will 
be  considered  as  94  pounds  in  weight, 

(2)  Water;  One  gallon  of  water  will  be  considered  as 
8,33  pounds*  No  increase  in  the  maximum  water  content  as  determined  in 
the  approval  trial  batches  will  be  permitted, 

(3)  Aggregate;  The  maximum  amount  of  the  maximum  size 
of  coarse  aggregate  economically  available  and  placeable  as  compatible 
with  the  typo  and  character  of  the  structure,  shall  bo  used, 

b.  Corrective  Additions;  Corrective  additions  to  remedy  the 
deficiencies  in  the  aggregate  gradations  may  be  used,  subject  to  ap¬ 
proval  by  the  Contracting  Officer 

£•  Control;  The  proportions  and  exact  amounts  of  all  material 
entering  into  the  concrete  shall  be  as  detormined  in  the  approved  trial 
mixes.  All  necessary  equijmient  shall  be  provided  to  determine  and  con¬ 
trol  the  actual  amounts  of  materials  entering  into  each  concrete  mix. 

The  concrete  sltanp  at  all  times  shall  be  kept  between  ij*  and  4  inches, 

2-09,  BATCHING  AND  MIXING  CONCRETE:  Concrete  shall  be  mixed  by  a 
mechanical  batch  type  mixing  plant.  The  rated  capacity  of  any  individual 
mixer  shall  be  l/2  cubic  yard  or  more.  The  mixing  plant  shall  be  pro¬ 
vided  with  adequate  facilities  for  accurate  measurement  and  control  of 
each  of  the  mterials  entering  the  mixer,  and  for  changing  the  propor¬ 
tions  to  conform  to  varying  conditions  of  the  work.  The  mixing  plant 
assembly  shall  include  adequate  provisions  for  the  inspection  of  opera¬ 
tions  at  all  timss.  The  plant  and  its  location  shall  bo  subject  to 
approval  ^  the  Contracting  Officer, 

£•  Batching  Unit;  Each  batching  unit  shall  be  supplied  with 
the  following  items: 

(1)  Weighing  Unit;  A  weighing  unit  shall  be  provided 
for  each  typo  of  material  to  indicate  the  scale  load  at  convenient 
stages  of  the  weighing  operation.  The  weighing  units  shall  be  checked 
at  such  times  as  directed  by  and  in  the  presence  of  the  Contracting 
Officer  and  reqiiired  adjustments  shall  bo  made  before  further  use  of  the 
device* 


(2)  Water  Mechanism;  The  water  mechanism  shall  be  tight 
with  interlocked  valves  such  that  the  discharge  valve  cannot  be  opened 
before  the  filling  valve  is  fully  closed.  This  mechanism  shall  be  fitted 
with  a  graduated  gauge. 
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(3)  Discharge  Gate;  The  batcher  discharge  gate  shall  be 
so  controlled  as  to  permit  a  ribboning  and  mixing  of  the  cement  with 
the  aggregate.  Delivery  of  materials  from  the  batching  equipment  to 
the  mixer  shall  be  accurate  within  the  following  limits; 

Material  Percent  by  Weight 

Cement  1 

Water  1 

Fine  aggregate  2 

Coarse  aggregate  2  or  3 

b.  Mixing  Unit; 

(1)  Operation;  Mixers  shall  not  be  charged  in  excess 
of  rated  capacity,  nor  be  operated  in  excess  of  the  rated  speed.  Ex¬ 
cessive  mixing,  requiring  the  addition  of  water  to  presorvo  the  required 
consistency  will  not  be  permitted.  The  entire  batch  shall  be  discharged 
before  recharging, 

(2)  Mixing  Time;  Mixing  time  shall  be  measured  from  the 
instant  when  the  water  is  introduced  into  the  drum  containing  all  solids. 
All  mixing  water  shall  bo  introduced  boforo  l/4  of  tho  mixing  time  has 
elapsed.  Mixing  time  for  mixers  of  1  cubic  yard  or  loss  shall  be  1-1/4 
minutes;  for  mixers  larger  than  1  cubic  yard  capacity,  the  mixing  time 
shall  be  increased  15  seconds  for  each  additional  half-cubic  yard  cap¬ 
acity  or  fraction  thereof. 

(3)  Discharge  Lock;  Unless  waived  by  the  Contracting 
Officer,  a  lock  to  lock  the  discharge  mechanism  \intil  the  required  mix¬ 
ing  time  has  elapsed,  shall  be  provided  on  each  mixer, 

2-10,  PREPARATION  FOR  HJICING:  Water  shall  be  removed  from  ex¬ 
cavations  before  concrete  is  deposited.  Any  flow  of  mter  shall  be 
diverted  through  proper  side  drains  and  shall  be  removed  by  methods 
v^ich  will  avoid  washing  over  the  freshly  deposited  concrete.  Hardened 
concrete,  wood  chips,  and  shavings  and  other  debris,  shall  be  removed 
from  the  interior  of  the  forms,  and  all  hardened  concrete  and  foreign 
materials  shall  be  removed  from  the  inner  siirfaces  of  the  mixing  and 
conveying  equipment.  Wood  forms  shall  be  oiled  or  vetted  with  water  in 
advance  of  pouring  so  that  joints  will  tighten  and  prevent  seepage  of 
cement  grout  from  the  mix.  Reinforcement  shall  be  secured  in  position, 
inspected  and  approved  by  the  Contracting  Officer  before  starting  the 
pouring  of  conci^te.  Runways,  or  other  means  approved  by  the  Contract¬ 
ing  Officer,  shall  be  provided  for  \dieelod  equlpnent  to  convey  the  con¬ 
crete  to  the  points  of  deposit.  The  equipment  used  to  deposit  concrete 
shall  not  be  vdieeled  over  the  reinforcement,  nor  the  runvra,ys  be  suj>- 
ported  on  reinforcemont, 

2-11,  CONSTRUCTION  JOINTS:  Concrete  shall  be  placed  continuously 
so  that  the  unit  of  operation  will  be  monolithic  in  construction.  At 


s 
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least  48  hours  shall  elapse  betvroen  the  casting  of  adjoining  units 
unless  this  requirement  is  waived  by  the  Contracting  Officer.  Lifts 
shall  teiTninate  at  such  levels  aS  are  indicated  on  the  drawings,  or 
will  conform  to  structural  requirements  or  as  directed  by  the  Contract¬ 
ing  Officer,  Special  provision  shall  be  made  for  jointing  successive 
pours  as  detailed  on  drawings  or  required  by  the  Contracting  Officer. 
Where  the  drawings  show  the  floor  slab  and  columns  and  walls  below  the 
slab  to  bo  poured  integrally,  the  slab  concrete  slmll  not  be  placed 
until  at  least  two  hours  after  placing  the  columns  and  isralls  below  the 
floor  slab.  Any  additional  construction  joints  desired  by  the  con¬ 
tractor  shall  be  submitted  for  the  approval  of  the  Contracting  Officer. 

2-12.  CO^TVEYING:  Concrete  shall  be  conveyed  from  mixer  to  forms 
as  rapidly  as  practicable  by  a  method  which  will  prevent  segregation 
or  loss  of  ingredients, 

2-13,  PLACING  CONCRETE:  Concrete  shall  be  handled  from  the  mixer 
or  transport  vehicle  to  the  place  of  final  deposit  in  a  continuous 
manner  and  as  rapidly  as  practicable,  until  the  given  mit  of  operation, 
approved  by  the  Contracting  Officer,  is  completed.  Concrete  that  has 
attained  its  initial  sot,  or  h^s  contained  its  wate;*  content  for  more 
than  one  hour,  shall  not  bo  deposited  in  the  work.  The  concrete  shall 
be  deposited  in  the  forms  as  nearly  as  practicable  in  its  final  posi¬ 
tion  so  as  to  avoid  rehandling.  Special  care  shall  be  exercised  to 
prevent  splashing  the  forms  or  reinforcement  with  concrete  in  advance 
of  pouring.  Special  precautions  shall  be  exercised  in  choice  of  ag¬ 
gregate  and  methods  of  placement  ao  as  to  insure  full  bond  of  steel  to 
concrete  and  to  prevent  voids  at  beam  and  column  intersections.  Con¬ 
crete  shall  not  be  allowed  to  drop  freely  more  than  5  feet  in  unexposed 
work,  nor  more  than  3  feet  in  exposed  work.  Where  greater  drops  are 
required,  the  method  shall  be  approved  by  the  Contracting  Officer,  The 
discharge  shall  be  so  controlled  that  the  concrete  my  be  effectively 
compacted  into  horizontal  layers  not  exceeding  18  inches  in  thickness. 

Where  chutes  are  used  for  conveying  concrete,  they  shall 
be  of  such  size  and  design  as  will  insure  a  continuous  flow  of  concrete 
and  prevent  segregation  of  the  aggregate.  The  chute  shall  be  thoroxighly 
cleaned  before  and  after  use.  All  waste  mterial  and  the  flushing^  xnter 
shall  be  discharged  outside  of  the  forms. 

Concrete  footings  shall  be  placed  upon  undisturbed,  clear, 
damp  surfaces,  free  from  mud,  standing  or  running  water.  When  the 
concrete  is  placed  on  dry  soil,  waterproof  sheathing  paper  shall  be 
laid  over  the  earth  Surface  to  receive  the  concrete. 

2.U-  COMPACTION:  Concrete,  except  when  placed  and  compacted  by 
pncianatie  means,  shall  be  placed  in  layers  not  over  18  inches  deep  and  esc. 
layer  shall  be  compacted  with  the  aid  of  mechanical  internal  vibrating 
equipment  supplemented  by  hand  spading,  rodding  and  tamping  as  directed 
by  the  Contracting  Officer.  Vibrators  shall  in  no  case  be  used  to 
transport  concrete  inside  the  forms.  The  use  of  form  vibrators  will  not 
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be  permitted.  Internal-vibrators  shall  maintain  a  speed  of  not  less 
than  6,000  impulses  per  minute  when  submerged  in  the  concrete*  At 
least  one  spare  vibrator  shall  be  maintained  ^s  relief.  The  duration 
of  vibration  shall  be  limited  to  that  necessary  to  produce  satisfactory 
consolidation  without  causing  objectionable  segregation.  The  vibrator 
shall  not  be  inserted  into  lower  courses  that  have  begun  to  set.  Vibra¬ 
tors  shall  be  applied  at  uniformly  spaced  points  not  farther  apart  than 
the  visible  effectiveness  of  the  machine. 

2-15.  BONDING  AND  GROUTING:  Before  depositing  new  concrete  on  or 
against  concrete  vdiich  has  set,  the  existing  surfaces  shall  be  thor¬ 
oughly  roughened  and  cleaned  of  all  laitance,  foreign  matter  and  loose 
particles.  Forms  shall  be  retightened  and  the  existing  surfaces  slushed 
with  a  grout  coat  of  neat  cement.  The  new  concrete  shall  be  placed 
before  the  grout  has  attained  its  initial  sot.  Grout  for  horizontal  con¬ 
struction  joints  shall  be  of  coment  and  fine  aggregate  in  the  same  pro¬ 
portion  as  the  concrete  to  be  placed,  and  shall  be  from  l/2  to  1  inch 
in  thickness.  Grout  for  setting  column  bases,  wall  plates,  and  other 
metal  items,  shall  be  composed  of  equal  parts  of  sand  and  cement,  with 
water  sufficient  to  produce  the  required  consistency, 

2-16.  CONCRETE  FLOOR  FINISHES;  Concrete  floor  slabs  shall  be 
acreeded  and  wood  floated  to  the  required  level  of  the  finished  floors, 
as  shown  on  the  drawings, 

2-17,  FINISHES  OF  CONCRETE  OTHER  THAN  FLOORS;  Concrete  for  which 
no  other  finish  is  indicated  or  specified  shall  have  all  fins  and  rough 
edges  removed. 

2-18,  HIOTBGTION  AND  CURING: 

a.  Protection  Against  Moisture  Loss:  Immediately  after  plac¬ 
ing  or  finishing,  concrete  swfaces  not  covered  by  forms  shall  be  pro¬ 
tected  from  the  loss  of  surface  moisture  for  a  period  of  not  less  than 
14  days  where  a  normal  portland  cement  has  been  Tosed,  or  7  days  where 
a  high-early-strength  portland  cement  has  been  used  by  covering  with 
Kraft  paper,  quilts  or  burlap,  lapped  4  inches  at  edges  and  ends,  or  by 
applying  a  curing  compound.  Kraft  paper,  if  used,  shall  be  sealed.  Sur¬ 
faces  from  v^ich  forms  are  removed  before  the  curing  period  has  elapsed, 
shall  be  protected  as  specified  for  surfaces  not  covered  by  forms. 

Quilts  or  burlaps  shall  be  kept  wot.  Concrete  surfaces  covered  by  forms 
shall  be  protected  from  moisture  loss  by  keeping  forms  thoroughly  wet 
for  the  same  period  of  time  as  specified  above. 

2-19.  FORMS:  Forms  shall  be  constructed  to  conform  to  the  shape, 
form,  line,  and  grade  required,  and  shall  be  maintained  sufficiently 
rigid  to  prevent  deformation  under  load. 

£•  Design;  Joints  shall  bo  tight  and  leakproof  and  shall  be 
arranged  vertically  or  horizontally  to  conform  to  the  patteim  of  the 
design.  Where  forms  are  placed  in  successive  units  for  continuous 
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surfaces,  they  shall  be  fitted  to  accurate  alignment  so  that  the  com¬ 
pleted  surface  will  be  smooth  and  free  from  Irregularities.  If  adequate 
foundation  for  shores  cannot  be  secured,  trussed  supports  shall  be  pro¬ 
vided,  Temporary  openings  shall  be  arranged  in  vail  and  column  forms 
and  whore  otherwise  required,  to  facilitate  cleaning  and  inspection. 
Lumber  oneo  used  in  forms  shall  have  nails  withdrawn,  and  the  surfaces 
to  be  exposed  to  concrete  carefully  cleaned  before  re-use.  All  forms 
shall  be  so  constructed  that  they  can  be  removed  readily  without  hammer¬ 
ing  or  prying  against  the  concrete.  Inside  forms  shall  be  so  designed 
that  vdien  striped  they  may  be  readily  removed  through  the  openings  pro¬ 
vided.  No  forms  shall  be  loft  in  place  except  as  shown  on  the  drawings 
or  with  the  approval  of  the  Contracting  Officer. 

h*  Form  Ties:  Bolts  and  rods  used  for  internal  ties  which  are 
to  be  removed,  shall  be  coated  with  grease  and  sc  arranged  that  vdien  the 
forms  are  removed,  all  metal  except  wire  ties  will  be  not  less  than  1 
inch  from  any  concrete  surface.  The  design  of  ^orm  ties  shall  be  subject 
to  the  approval  of  the  Contracting  Officer. 

£♦  Joints:  All  corners  and  exposed  joints  in  more  than  one 
plane,  unless  otherwise  indicated  on  the  drawings  or  directed  by  the 
Contracting  Officer,  shall  be  beveled,  rounded,  or  chamfered  by  moldings 
placed  in  the  forms. 

Coating;  Forms  for  exposed  surfaces  shall  be  coated  with 
oil,  applied  before  the  reinforcement  is  placed.  After  oiling,  any 
surplus  oil  on  the  form  surfaces  and  any  oil  on  the  reinforcing  steel, 
shall  be  removed.  Forms  for  the  unexposed  surfaces  may  be  thoroughly 
wetted  with  water  in  lieu  of  oiling  immediately  before  the  placing  of 
concrete. 

Removal;  Forms  shall  not  be  disturbed  until  the  concrete 
has  adequately  hardened.  Shoring  shall  not  be  removed  until  the  member 
supported  has  acquired  sufficient  strength  to  safely  support  its  own 
ifeight  and  the  load  imposed  on  the  shored  member, 

(1)  Clamps;  Tie-rod  clamps  that  are  to  be  entirely  re¬ 
moved  from  the  wall  shall  bo  loosened  24  hours  after  the  conci*ete  is 
placed  and  form- ties,  except  for  a  sufficient  number  to  hold  the  forms 
in  place,  may  be  removed  at  that  time, 

(2)  Timing;  Under  normal  conditions,  after  placing 
concrete,  the  minimum  waiting  period  before  the  forms  my  be  stripped 
shall  be  governed  by  the  following  schedule;  but  the  vlbq  of  this 
schedule  shall  not  operate  to  relieve  the  contractor  of  responsibility 
for  the  safety  of  the  structure: 


391 


W49-129-eng-148-49-CE 


Stripping  of  Forms 

(Mininum  Waiting  Period  After  Placing  Concrete) 
Average  Tor:^)crat\ires 

Structural  _ _ _ 

Member  Above  6CP  F  50^  -60o  F 


Columns  and  walls 

Side  foms  of  girders 

5  days 

7  days 

&  beans 

Botton  forms  of  slabs 

5  days 

7  days 

6  feet  or  less  in 
clear  span 

5  days 

9  days 

Botton  foms  of  girders, 

beans,  and  slabs  of 
span  6  feet  and  over 

14  days 

18  days 

2-20.  REIMFOIGING  STEEL: 

General ;  The  reinforcement,  fabricated  to  shapes  and  dimen¬ 
sions  shown,  shall  be  placed  \diore  indicated  on  dra^dngs  or  reasonably 
required  to  carry  out  the  intent  of  the  drawings  and  specifications.  Any 
changes  shall  be  approved  by  the  Contracting  Officer  and  noted  on  the 
plans.  Before  placing,  all  reinforcement  shall  be  thoroughly  cleaned  of 
rust,  mill  scale  or  coatings,  \diich  would  reduce  or  destroy  the  bond. 
Reinforcement  appreciably  reduced  in  section  shall  not  be  \ised.  Follow¬ 
ing  any  substantial  delay  in  the  work,  previously  placed  reinforcement 
left  for  futiire  bonding,  shall  be  reinspected  and  cleaned.  Reinforcement 
shall  not  be  bent  or  staraightened  in  a  manner  that  will  injure  the  ma¬ 
terial,  Bars  with  kinks  or  bends  not  shown  on  drawings  shall  not  be 
placed.  The  heating  of  reinforcement  for  bending  or  straightening  will 
be  permitted  only  if  the  entire  operation  is  approved  by  the  Contracting 
Officer,  In  slabs  and  beams,  reinforcement  shall  be  spliced  only  as 
shovm  on  drawings  except  as  approved  by  the  Contracting  Officer.  At 
all  points  where  bars  lap  or  splice  including  distribution  steel,  a  i/ire- 
tied  minimum  lap  of  40  bar  diameters  shall  be  provided,  unless  otheivise 
shown.  Unless  othend.se  called  for  on  the  drawings,  splices  in  columns 
shall  be  full  butt— welded  in  accordance  with  requirements  of  the  American 
Welding  Society  Code, 

b.  Design:  Reinforcing  details  shown  on  the  drawings  shall 
govern  the  furnishing,  fabrication,  and  placing  of  reinforcement,  except 
as  otherwise  shown  or  specified,  construction  shall  conform  to  the  follow¬ 
ing  req\iiromGnts: 

(l)  Concrete  Covering  Over  Steel  Reinforcement:  The  con- 
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Crete  covering  over  steel  reinforcement  shall  be  as  follows: 


(a)  Beams 

(b)  Columns 

(c)  Wails  and  slabs 

(d)  Footings 


1-1/2”  outside  of  main  steel 
1-1/2”  outside  of  spiral  steel* 
diameter  of  reinforcement 
but  not  less  than  3/U” 
1-1/2”  outside  of  steel  on  sides 
2”  outside  of  steel  on  bottom 


(2)  Minimum  Bar  Size:  Unless  otherwise  shown  on  the 
drawings,  bars  less  than  3/^  inch^  diameter  shall  not  be  used  in  the 
work,  except  for  stirrups,  ties,  and  distribution  steel* 

(3)  Spirals :  Spirals  shall  be  extended  from  tops  of 
footings  or  floor  slabs ,  to  the  level  of  the  lowest  horizontal  rein¬ 
forcement  in  the  overhead  slab,  drop-panel,  beam,  or  girder,  unless 
otherwise  shown.  Spirals  shall  be  secured  by  at  least  3  spacer  bars 
notched  for  the  required  pitch  and  anchored  at  both  ends  by  1-1/2  ad¬ 
ditional  turns  of  spiral  rod  or  wire*  Splices  in  spiral  rod  or  wire, 
where  necessary,  shall  be  made  by  welding*  Vertical  bars  shall  be  wired 
to  spiral  at  intervals  not  exceeding  16  inches* 

(U)  Shop  Drawings:  Shop  detail  drawings  for  all  rein¬ 
forcing  steel  shall  be  furnished  for  approval  of  the  Contracting  Officer* 

c  Supports;  Reinforcement  shall  be  accurately  placed 
and  securely  tied  at  ^11  intersections  and  splices  yith  l8  gage  blacky 
annealed  wire,  and  shall  be  securely  held  in  position  by  spacers,  chairs 
or  other  approved  supports  during  the  placing  of  concrete,  Wire  tie  ends 
shall  point  away  from  the  form*  The  number  of  chairs  or  other  supports 
used  shall  not  be  less  than  the  following  and  shall  be  equally  spaced* 

(1)  For  Structural  Slabs; 

Clear  Spans  Chairs  per  Bar 

Spans  up  to  7  ft*  2 

Over  7  ft.  up  to  17  ft*  3 

Over  17  ft*  up  to  30  ft*  U 

(2)  For  Slabs  on  Grade  (Over  Earth  or  Over  Drainage  Fill) 
and  for  Footing  Reinforcement:  The  bars  "shaUrbe  supported  on  precast 
concrete  blocks,  spaced  at  tSe  intervals  required  by  the  size  of  rein¬ 
forcement  used,  to  keep  the  reinforcement  the  minimum  height  specified 
above  the  underside  of  slab  or  footing. 


^  See  Addendum 
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SECTION  3 
BRICK;  MASONRY 

3-01.  SCOPE;  The  work  covered  by  this  section  of  the  specifica¬ 
tions  consists  in  furnishing  all  plant,  labor,  equipment,  appliances, 
and  mterials,  and  in  performing  all  operations  in  connection  with  the 
installation  of  brick  nasomy,  complete  in  strict  accordance  with  this 
section  of  the  specifications  and  the  applicable  drawings,  and  subject 
to  the  terns  and  conditions  of  the  contract. 

3-02*  APPLICABLE  SPECIF ICATIQNS:  The  following  Federal  Specif¬ 
ications  fom  a  part  of  this  specifications 

QQ-B-71a.  Bars:  Reinforconont  (For)  Concrete 

SS-B-656.  Brick;  Building  (Comnon)  Clay 

3-03*  MATERIALS; 

a*  Anchors ;  Design  of  anchors  and  web  roinf or  cement  shall  be 
as  shown  on  the  drawings  or  otherwise  approved  by  the  Contracting  Officer. 

(l)  Reinforcing  steel  rods  as  shown  on  the  drawings 
shall  conform  to  the  requirements  of  Federal  Specification  QQ-B-*5Q.a, 
type  B,  deformed,  grade  2,  intermediate  billet, 

b.  Brick: 

(1)  Common  Brick;  Common  brick  shall  conform  to  the 
requirements  of  Federal  Specification  SS-B-656,  class  H  or  class  M, 

Frog  brick  or  brick  having  coros  in  excess  of  l/2  inch  in  diameter  or 
cores  totaling  in  excess  of  20  percent  of  the  bed  area  shall  not  be 
used  for  exterior  work, 

(2)  Reinforced  Brick;  Reinforcement  shall  be  as  shown 
on  the  drawings, 

c.  Mortar  Materials:  Mortar  mterials  shall  be  as  specified 
in  the  section,  MORTARS:  MASONRY,  of  these  specifications# 

3-04,  HANDLING  AND  STORAGE;  All  msonry  mterials  shall  bo  hand¬ 
led  in  a  mnnor  to  prevent  undue  breakage  or  chipping* 

3-05*  ERECTION: 

a*  General:  All  msonry  shall  be  laid  plumb,  true  to  lino, 
with  level  and  accurately  spaced  courses,  with  corners  plumb  and  true, 
and  with  each  coarse  breaking  joint  with  the  coiurse  below.  Bond  shall 
be  kept  plumb  throu^out.  Units  with  greater  than  12  per  cent  absorp¬ 
tion  shall  be  wetted  before  laying.  Work  required  to  be  built  in  with 
the  msonry,  including  anchors,  reinforcement  and  accessories,  shall  be 
built  in  as  the  erection  progresses. 
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b*  Brick?  Work  not  otherwise  shown  shall  be  connon  brick. 

All  brick  shall  be  dainp  when  laid.  Brick  shall  be  shoved  into  place, 
not  laid,  in  a  full  bed  of  iinfttrrowcd  nortar.  All  horizontal  and  verti¬ 
cal  joints  shall  be  conpletely  filled  with  mortar  when  and  as  laid. 

Vortical  joints  shall  be  all  of  the  same  width  except  for  inconspicuous 
variations  required  to  maintain  the  bond.  Back  joints  against  concrete, 
netal  or  other  units  shall  be  slushed,  grouted,  or  shoved  full  as  the 
course  is  laid.  All  brickwork,  not  otherwise  specified,  shall  be  laid 
in  class  C  mortar  as  defined  in  the  section  MCflTARS:  MASONRY  of  these 
specifications, 

(1)  Exposed  or  Face  Work;  Exposed  esJberior  brick  woric 
shall  conform  to  the  sample  approved  by  tho  Contracting  Officer,  and 
shall  be  laid  in  courses  accurately  spaced  with  a  story  rod,  in  common 
bond;  that  is,  v^olo  stretchers  overlapping  by  half  a  brick,  with  a 
coxirso  of  whole  headers  every  sixth  or  seventh  course  and  the  bond  ex¬ 
tending  the  full  thickness  of  tho  wall  for  8”  walls;  and  as  shown  on  the 
drawings  for  thicker  walls.  Exterior  walls  shall  be  laid  in  class  C 
mortar  as  defined  in  the  section  M(HTARS;  MASONRY  of  these  specifications, 

(2)  Joints:  Exposed  brickwork  shall  be  laid  with  joints 
flush,  or  as  directed  by  the  Contracting  Officer.  Unless  otherwise  in¬ 
dicated  on  the  drawings  or  specified,  mortar  joints  shall  bo  approximately 
3/4  inch  thick  for  brick  joints  with  reinforcing  rods  and  l/2  inch  thick 
for  all  other  brick  joints.  All  joints  shall  be  formed  with  suitable  tdols. 
Joints  shall  be  tooled  in  such  manner  as  to  squeeze  the  mortar  back  into 
the  joints  conpletely  filling  any  cracks  in  the  joint.  No  tooling  shall 

be  done  until  after  the  mortar  has  taken  its  initial  set^ 

(3)  Reinforcement;  Reinforcing  rods  shall  bo  placed  as 
called  for  on  the  drawings, 

C,  Unfinished  Work;  Any  brick  masonry  which  is  started  should 
be  completed  in  one  operation, 

d.  Curing  and  Protection:  Surfaces  of  masonry  not  being  worked 
on  shall  be  properly  cured  and  protected  at  all  tines  during  the  con¬ 
struction  operation.  At  such  time  as  rain  is  imminent  and  the  work  Is 
discontinued,  the  tops  of  exposed  masonry  walls  and  similar  surfaces 
shall  be  covered  with  a  strong  watorproof  nombrane  well  soctired  in  place. 
Brick  panels  shall  be  completed  at  least  30  days  before  final  tost. 
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SECTION  k 
MORTABS;  MASONRY 

4-01,  SCOPE:  This  ssctlon  of  the  specifications  covers  mortars  to 
he  provided.  In  comection  with  all  types  of  masonry  work  as  specified 
iBider  other  sections  of  those  specifications  and  as  referenced  therein 
hy  their  class  designations. 

4-02.  APPUCABIS  SPECIFICATIONS;  The  following  specifications  form 
a  part  of  this  specification: 

a.  Federal  Specifications; 

SS-C-192.  Cement;  Portland 
SS-L-351.  Lime;  Ifc^’drated  (for)  Structural 
Purposes 

h.  American  Society  for  Testing  Materials  Serial  Designations; 

C  144-44.  Aggregate  for  Masonry  Mortar 
C  161-44t.  Mgrtar  for  Reinforced  Brick  Masonry 


4-03.  GENERAL:  All  cementitious  material  shall  bo  delivered  to 
the  site  in  manufacturers'  standard  packages.  Mortars  in  which  Portland 
and  other  q,uick  setting  cements  are  used  shall  ho  prepared  in  hatches 
of  the  volume  that  will  he  used  before  Initial  set  takes  place ^  and  in 
no  case  longer  than  45  minutes  before  delivery  to  the  masons'  mortar 
hoards  at  points  of  use.  Retemperlng  will  not  be  pemltted. 

4-04.  MATERIALS;  Cement  that  has  been  stored  In  sacks  for  more 
than  6  months  shall  not  be  used  without  retesting, 

a.  Portland  Cement;  Portland  cement  shall  confom  to  the  re- 
fulrements'of  Federal  Specification  SS-C-I92,  Xfttlees  otherwise  speci¬ 
fied,  Portland  cement  shall  be  type  I. 

h.  Ume;  Lime  shall  he  hydrated  lime  confoxming  to  the  re- 
qjiiremsnte”of  Federal  Specification  SS-L-351>  F,  with  the  further 
requirement  that  the  total  free  (unhydrated)  calcium  oxide  (CaO)  and 
magnesium  oxide  (MgO)  in  tbs  hydrated  products  shall  not  exceed  8  per¬ 
cent  hy  weight,  calculated  on  the  "as  received"  basis. 

c.  Sand  (Fine  Aggregate);  Sand  shall  be  of  an  acceptable 
color  and  shall  conform  to  the  requirements  of  American  Society  for  Test¬ 
ing  Materials  Standard  Specification  C  144-44.  Sand  shall  be  graded  from 
fine  to  coarse  within  the  following  limits; 
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(1)  Sand  for  Mortar  Joints  Over  l/4  inch  in  Thicknesg; 


Percent  of  Sand  Retained 
SiovG  (By  Weight) 


No. 

Maximum 

Minimum 

4 

0 

8 

10 

0 

16 

40 

15 

30 

65 

35 

50 

85 

75 

100 

98 

95 

Water  shall  be  clean  and  free  from  injurious 

onounts  of  oil,  acids,  soluble  salts  and  organic  impurities, 

4-05,  SAlOTiES:  Samples  of  all  mtorials  specified  shall  be  sub- 
nittod  for  approval  when  required  by  the  Contracting  Officer, 

4-06,  TESTING}  The  customary  production  plant  testing  of  cementi¬ 
tious  mtorials  will  be  the  responsibility  of  the  contractor.  Certified 
copios  of  the  plant  tost  results  shall  bo  furnished  to  the  contracting 
Officer  v^on  required.  All  other  testing  required  will  be  done  by  the 
Contracting  Officer  without  expense  to  the  contractor.  The  testing  of 
sand  for  gradation  and  other  properties  shall  conform  to  the  roqxxire- 
nents  of  A,S,T,M,  Serial  Designation  C  144-44.  The  testing  of  mortar 
shall  conform  to  the  requirements  of  A,S,T,M,  Serial  Designation 
C  161-44T, 


4-07.  STORAGE  AND  HIOTBCTION;  Cement,  lino,  and  any  admixture 
mterlals,  innediately  upon  delivery  to  tho  site,  shall  be  stored  in 
weatherproof  sheds,  or  upon  platforms  raised  free  of  the  gro\md  and 
effectively  protected  by  tarpaulin  covers  until  used.  No  conentitious 
or  other  mterial  that  has  become  caked  and  hardened  from  absorption  of 
moisture  will  be  permitted  in  the  work, 

4-08,  CUSSES  AND  PROPORTIONDJG  OF  MORTARS:  The  proportioning  of 
the  various  classes  of  mortars  shall  bo  as  specified  below.  The  pro¬ 
portions  of  cement  specified  are  the  nininun.  Where  the  sand,  which  is 
locally  or  readily  obtainable,  does  not  produce  a  mortar  having  the 
crushing  strength  herein  specified  for  the  particular  class  of  mortar 
required  but  is  in  all  other  respects  satisfactory,  the  sand  content 
shall  bo  decreased  to  tho  extent  required  to  obtain  that  strength  with 
related  density,  bonding  value,  and  other  properties. 

Classification  and  Proportioning  of  Mortars  (See  Note  l) 

Designation  Portland  Slag  Masonry  Lime  Sand,  Dry^ 

of  Mortar  Cement  Cement  Cement  Hydrated  Putty  Volume  Weight 
CSack)  (Sack)  (Sack)  (Sack)  (Cu.Ft, )  (Cu.Ft, )  (Lbs.) 

1-1/4 


Class  C 


1 


6  480 
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NOTE  1:  The  volune  imits  of  nortar  naterials  shall  be  taken  as  follows: 


Portland  Cenent  -  one  sack,  94  pounds  net*..,,...^  1  cubic  foot 

Hydratod  Lino  (dry)  -  one  sack,  50  pounds  net 1  cubic  foot 

(contains  1-1/4  cu.  ft.) 

Sand  -  SO  pounds  dry,  or  85  pounds  danp . . . 1  cubic  foot 


4-09.  STRENGTH  (F  MORTARS:  Mortar  shall  possess  not  less  than 
2500  pounds  psi  nininun  strength  values,  \dien  tested  in  cubes  or  cylin¬ 
ders  at  the  end  of  a  28  day  aging  period^ 

4-10.  FREPAIhlTION  AND  STORAGE  (F  LIME  PUTTY;  Line  putty,  when  re¬ 
quired,  shall  bo  made  from  hydratod  line*  Tho  dry  hydrated  line  shall 
be  nixed  with  water  to  fom  a  stiff,  plastic  putty.  When  putty  nust  be 
stored  for  nore  than  24  hours  before  \ise  in  the  nixing  of  nortar,  suit¬ 
able  precautions  shall  be  token  to  protect  it  fron  exposure  to  sun  and 
prevent  excessive  evaporation. 

4-11,  MIXING  OF  MORTARS:  Moi*tars  shall  be  nachine-nixed  in  an 
approved  type  of  nixer  in  which  tho  quantity  of  water  can  be  accurately 
and  unifornly  controlled;  however,  for  work  requiring  only  snail  batches 
of  nortar  or  grout,  or  lAen  specifically  approved  by  the  Contracting 
Officer,  nortar  nay  be  nixed  by  hand.  The  nixing  tine  shall  be  not  loss 
than  5  ninutes,  approxinatoly  2  ninutes  of  vrtiich  shall  be  for  nixing  the 
dry  naterials  and  not  less  than  3  ninutes  for  continuing  tho  nixing 
after  the  water  has  been  added.  The  proportioning  of  naterials  for  the 
nortar  reqtdred,  shall  be  as  given  in  the  table  showing  classification 
and  proportions  of  nortar.  Where  hydrated  lino  is  used  for  nortar  re¬ 
quiring  a  line  content,  the  contractor  will  have  the  option  of  using 
tho  dry-nix  nethod  of  first  converting  the  hydrated  line  into  a  putty. 
Hand-nixing  shall  be  done  in  a  tight  nortar-nixing  box.  Whore  the  dry- 
nix  nethod  is  enployed,  the  naterials  for  each  batch  shall  be  well  raked 
and  turned  over  together  before  the  water  is  added,  until  the  even  color 
of  the  nixed  naterials  indicates  that  the  cenentitlous  naterial  has  been 
thoroughly  distributed  throughout  the  nass,  after  vdiich  the  water  shall 
be  gradually  added  until  a  thoroughly  nixed  nortar  of  the  required  plas-** 
ticity  is  obtained. 

a.  Mortar  Grout;  Mortar  for  grouting  and  poxirod  fills  shall 
have  the  qmntity  of  water  increased  to  produce  the  consistency  required 
for  pouring  and  shall  be  continuously  stirred  to  prevent  the  segrega¬ 
tion  of  the  aggregate. 

Grout  for  dealing  joints  between  precast  segnents  shall  be 
so  placed  as  to  conpletely  fill  the  volune  fo  the  joint,  securely  bond 
the  steel  reinforoonent,  and  prevent  the  fomation  of  voids,  Tho  con¬ 
tractor  shall  submit  tho  procedure  for  grouting  to  tho  Contracting 
Officer  for  approvals 
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SECTION  5 
STRICTURAL  STEEL 

5-01.  SCOPE:  The  work  covered  by  this  section  of  the  specifications 
consists  in  furnishing  all  plant,  labor,  equipment,  appliances,  and 
materials,  and  in  performing  all  operations  in  connection  with  the  instal¬ 
lation  of  structural  steel  coii5)lete,  in  strict  accordance  vrith  this  sec¬ 
tion  of  the  specifications  and  the  applicable  drawings,  and  subject  to 
the  terms  and  conditions  of  the  contracts 

5-02.  APPLICABLE  SPECIFICATIONS  AND  CODES.  The  following  specifi¬ 
cations  and  codes  form  a  part  of  this  specification; 

a.  Federal  Specifications; 

qq-S=-7U1.  Steel,  Structural  (Including  Welding) 

and  Rivetj  (for)  Bridges  and  Buildings^ 

WW-P-U06*  Pipe  I  Steel  and  Ferrous-Alloy  (for) 

Ordinary  Uses  (Iron-Pipe  Size). 

b.  American  Institute  of  Steel  Construction  Publications g 

Code  of  Standard  Practice  for  Steel  Buildings  and  Bridges# 

Specification  for  the  Design,  Fabrication  and  Erection  of 

Structural  Steel  for  Buildings. 

c.  American  Welding  Society  Code; 

Arc  and  Gas  Welding  in  Building  Construction# 

5-03#  GENERAL;  The  current  rules  and  practices  set  forth  in  the 
Code  of  Standard  Practice  for  Steel  Building  and  Bridges,  and  the  Speci¬ 
fication  for  the  Design,  Fabrication,  and  Erection  of  Structural  Steel 
for  Buildings  of  the  American  Institute  of  Steel  Construction,  shall 
govern  this  work,  except  as  otherwise  noted  on  the  drawings  or  as  other¬ 
wise  specified*  Welding  shall  be  in  accordance  with  the  current  Code 
for  Arc  and  Gas  Welding  in  Building  Constniction  of  the  American  Welding 
Society. 


a.  Shop  Drawings;  Shop  drawings,  in  triplicate,  shall  be  sub¬ 
mitted  to  the  C ontrac ting  Of f icer  for  approval.  Material  fabricated  or 
delivered  to  the  site  before  the  approved  shop  drawings  have  been  re¬ 
ceived  by  the  contractor  shall  be  subject  to  rejection  by  the  Contracting 
Officer. 


Mill  Reports;  The  contractor  shall  furnish,  without  extra 
cost  to  the  Government,  "two  certified  copies  of  all  mill  reports  covering 
the  chemical  and  physical  properties  of  the  steel  used  in  the  work  xinder 
this  specification. 


wU9-129-eng-ll;8-U9-CE 


c.  Responsibility  for  Errors ;  The  contractor  alone  shall  be 
responsible  for  all  errors  of  fabrication  and  for  the  correct  fitting 
of  the  structural  members  showi  on  the  shop  drawings* 

MATERIALS: 

a*  structural  Steel:  Structural  steel  shall  conform  to  the 
requirements  of  Federal  SpeciJication  QQ-S-7hl^  Type  I  or  II,  Grade  B, 

Class  1* 

b.  Anchor  Bolts;  All  anchor  bolts  shall  conform  to  the  re¬ 
quirements"" for  structural  steel* 

Sleeves;  Pipe  sleeves  for  anchor  bolts  shall  conform  to 
the  requirements  of  federal  Specification  WV/-P-U06. 

INSPECTION  AND  TESTS:  The  material  to  be  fiumished  under 
this  specification  shall  be  subject  to  inspection  and  tests  in  the  mill, 
shop,  and  field  by  authorized  Government  inspectors.  Inspection  and 
tests  will  be  conducted  without  expense  to  the  contractor}  however, 
inspection  in  the  mill  or  shop  shall  not  relieve  the  contractor  of  his 
responsibility  to  furnish  satisfactory  materials,  and  the  Government 
reserves  the  right  to  reject  any  material  at  any  time  before  final 
acceptance  of  the  building  when,  in  the  opinion  of  the  Contracting 
Officer,  the  materials  and  workmanship  do  not  conform  to  the  specifica¬ 
tion  requirements. 

Two  test  specimens  for  determining  the  average  yield  point 
stress  shall  be  obtained  from  each  column  between  each  floor  of  buildings 
2  and  6*  Two  test  ^ecimens  shall  also  be  obtained  from  one  front  and 
one  rear  wall  girt  fot  each  floor  of  buildings  number  2  and  6.  Each 
test  specimen  shall  be  at  least  eighteen  inches  long.  Each  specimen  shall 
be  numbered  and  a  drawing  or  sketch  shall  be  made  to  locate  the  position 
in  the  building  of  each  member  from  which  the  specimen  was  obtained.  The 
specimens  and  location  sketch  shall  be  forwarded  by  the  contractor  to  a 
testing  laboratory  as  directed  by  the  Contracting  Officer. 

5-06.  DESIGN;  The  members  and  connections  for  all  portions  of  the 
structures  shall  be  as  indicated  on  the  drawings.  In  the  event  that  it 
is  deemed  necessary  to  modify  ar  change  any  members  or  connections, 
drawings  shall  be  submitted  to  the  Contracting  Officer  for  e^preval 
before  any  material  is  fabricated. 

5-07.  WORKMANSHIP: 

a#  Riveted  Connections;  Unless  otherwise  shown  on  the  drawings, 
all  connections  shall  be  riveted  with  I’’  ft  rivets  in  l-l/l6«  diameter 
holes*  All  connections  shall  be  in  accordance  with  the  requirements  of 
the  A*I*S«C«  Specifications* 
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b.  Welded  Connections;  All  welded  connections  called  for 

on  the  drawings  shall  be  shop  welds.  Groove  welds  shown  on  the  drawings 
shall  be  full  penetration  groove  welds. 

The  welding  electrodes  shall  be  A.W.S.  No.  110,  or  electr^es 
having  equal  physical  properties  in  tension,  yield  point  and  dsustility# 

All  welds  shall  be  stress  relicwed. 

c.  Holes:  Holes  shall  not  be  made  or  enlarged  by  buming,nor 
will  the  burning  of  unfair  holes  in  the  shop  or  field  be  acceptable. 

Holes  in  base  or  bearing  plates  shall  be  drilled.  Grout  holes  shall  be 
provided  in  column  bearing  plates  irtiere  shown  on  drawings. 

d.  Nuts;  Huts  shall  be  of  an  approved  self-locking  typej  or 
the  bolt  t1irea3sshall  be  rpset  to  prevent  backing  off  of  the  nuts. 

?-08.  EEBCTION: 

a.  Drift  Pins:  Drift  pins  may  be  used  only  to  bring  together 
the  several  partsj  tliey  "shall  not  be  used  in  such  manner  as  t  o  distort 
or  damage  the  metal « 

b*  Gas  Cutting:  The  use  of  a  gas  cutting  torch  in  the  field 
for  correcting  fabrication  errors  will  not  be  permitted  on  any  major 
member  in  the  structural  framing.  Its  use  will  be  permitted  on  minor 
members  when  the  member  is  not  under  sti^ss,  and  then  only  after  the 
approval  of  the  Contracting  Officer  has  been  obtained* 

c*  Base  Plates  and  Bearing  Plates:  Column  base  plates  and 
large  bearing  plates  shall  be  si5)poried  on^teel  wedges  or  shims  until 
the  supported  laembers  have  been  plumbed,  following  which  the  entire 
bearing  area  shall  be  grouted  solid  with  equal  parts  of  portland  cement 
and  sand. 

5-09.  PAINTING  AND  CIEANING:  Structural  steel  shall  beapainted 
as  ^ecified  in  Section  6  PAINTING;  PROTECTIVE,  of  these  specifications, 
Ur^ainted  parts  which  will  be  in  contact  with  concrete  shall  be  thor¬ 
oughly  cleaned  of  rust,  still  scale,  or  coatings  ^ich  would  reduce  or 
destroy  the  bond® 
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SECTION  6 

CORilUG/lTED  ASBESTOS-CEMENT  AND  V-BEAM  METAL  SIDING 

6-^1*  SCOPEj  The  woric  covered  by  this  section  of  the  specifica  - 
tions  consists  in  furnishing  all  plant,  labor,  equipment,  appliances,  and 
materials,  and  in  performing  all  operations  in  connection  with  the  in¬ 
stallation  of  wall  siding  conplete,  in  strict  accordance  with  this  section 
of  the  ^ecifications  and  the  applicable  drawings,  and  subject  to  the 
terms  and  conditions  of  the  contract. 

6-02.  GENERAL?  Siding  shall  be  either  corrugated  asbestos-cement 
type  or  V-beam  metal  type  as  indicated  an  the  drawings. 

6-03.  MATERIALS: 

a.  Corrugated,  Asbestos-Cement  Siding:  Corriigated  asbestos- 
cement  siding  shall  conform  to  the  requirements  of  Federal  Specification 
SS-R-52U,  Type  I. 

b.  V-beam  Metal  Siding;  Metal  siding  shall  be  protected  type 
metal  siding,  as  manufactured  by  the  H.  H.  Robertson  Company,  Pittsburgh, 
Pennsylvania,  or  a  similar  product  of  other  manufacturers  equal  in 
strength,  stability,  and  section  modulus  to  the  product  above  specified. 
The  metal  siding  shall  be  made  using  black  steel  sheets  meeting  require-# 
ments  of  A.S.T.M.  tentative  specification  A2U6-J4UT  as  a  base.  The  sheets 
shall  be  No*  18  gage  29”  wide,  with  1-3A’*  deep  corrugations,  5*3®  wide* 
Minimum  side-lap  shall  be  6”,  and  end-laps  as  shown  on  the  drawings  and 
only  where  shown.  Coating  shall  be  clean,  dry  and  non-sticking,  and  the 
steel  shall  be  conpletely  protected  against  corrosion  including  edges  and 
holes  cut  in  the  field.  Sheets  shall  be  of  length  indicated  on  the  draw¬ 
ings. 


c.  Accessory  Materials: 

(1)  Fasteners  and  Accessories:  Fasteners  and  accessories 
including  bolts  and  screws,  shall  confonn  to  details  as  shown  on  the 
drawings. 

(2)  Handling  and  Storage:  Material  shall  be  carefully 
handled  to  avoid  damage  to  coatings.  Sheets  shall  be  stacked  on  firm 
level  sipports  to  avoid  distortion.  Sheets  shall  be  sorted  and  piled 
accordingly  to  size.  All  material  shall  be  protected  from  traffic  and 
from  contact  with  dirt,  and  mud  stain  of  any  kind. 

(3)  Manufacturers  Detailed  Drawings ;  All  drawings  shall 
be  submitted  in  triplicate  to  the  Contracting  Officer  for  approval.  These 
drawings  shall  show  the  conplete  detailed  method  of  application.  The 
shape  and  type  of  fastener  for  each  type  of  structural  stjpport  shall  be 
indicated.  The  length  and  width  of  all  sheets  shall  be  clearly  indicated. 
Field  cutting  shall  be  minimized. 
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(U)  Sheets:  Siaes  of  ^eets  shall  be  as  required  for  the 
conditions  indicated  on  the  dravrings# 

6-OU.  INSTALLATION: 

a.  Fasteners:  Fasteners  for  securing  V-beam  sheets  to  struc¬ 
tural  steeT  s\:5)po r£ s  sEall  be  spaced  as  shoiim,  with  at  least  two  to  a 
sheet  at  each  si:5)port.  Standard  Sidelap  bolts  shall  be  placed  in  each 
sidelap  12”  o*c,  V-beam  metal  and  corrugated  asbestos-cement  sheets  shall 
be  anchored  to  the  supports  by  means  of  anchor  bolts  set  into  the  concrete 
wall  as  shown  on  the  drawings. 

b.  Sheets:  V-beam  protected  metal  sheets  shall  be  laid  as 
indicated  on  the  drawings*  Strap  fasteners  where  used  shall  be  tight, 
metal  strips  placed  snug  against  structural  steel  supports.  End  laps 
shall  occur  over  structural  members  only  i/idiere  shown  on  the  drawings, 
and  fasteners  shall  pass  through  all  overlapping  sheets*  Holes  for 
fasteners  shall  be  punched  from  the  outside  with  sharp  pointed  punches. 
Nuts  on  bolts  shall  be  tightened  sufficiently  to  bring  the  bolt  head 
tightly  against  the  sheets* 
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SECTION  7 


CARPENTRY 


7-01.  SCOPE!  The  irork  covered  by  this  section  of  the  specifica¬ 
tions  consists  in  furnishing  all  plant,  labor,  eq\xipment,  appliances, 
and  materials,  and  in  performing  all  operations  in  connection  with  the 
installation  of  carpentry,  con^^lete,  in  strict  accordance  with  this  sec¬ 
tion  of  the  specifications  and  the  applicable  drawings,  and  subject  to 
the  tenns  and  conditions  of  the  contract. 


7-02.  APPLICABLE  SPECIFICATIONS;  The  following  specifications  form 
a  part  of  this  specification: 


a.  Federal  Specifications; 


FF-B-561. 

FF-B-571a. 

FF-N-101. 

FF-S-111. 

MM-L-751C, 


Bolts,  Lag;  Steel  (Lag-Screws) 
Bolts;  Nuts;  Studs;  and  Tap  Rivets 
(and  Materials  for  Same) 

Nails;  Spikes;  Staples:  and  Tracks, 
Screws;  Wood 

Lumber  and  Timber;  Softwood 


b.  Department  of  Commerce  Publications: 

R16-39  Lumber-American  Lumber  Standards 

for  Softwood  Lumber 


7-03.  MATERIAL;  LUMBER  AND  WOODWORK:  Lumber  ^all  conform  to  the 
requirements  of  Federal  Specification  MM-L7?lc.  Lumber  for  the  various 
uses  shall  be  pine  or  fir  and  of  the  grade  indicated  on  the  drawings, 

7-OU.  MATERIALS  OTHER  THAN  LUIvIBER: 

a.  Bolts  ^d  Nuts;  Bolts  and  nuts  shall  conform  to  the  re- 
quirements"“ of  foSeral  Specification  FF-B-571a,  Class  B* 

b.  Lag.. Screws:  Lag  screws  shall  conform  to  the  requirements 
of  Federal  Specification  FF-B-961, 


c.  Nails:  Nails  shall  conform  to  the  requirements  of  Federal 
Specification  FF-N-101,  or  may  be  the  drive  screw  or  ^iral  type  of  stan¬ 
dard  manvifacture. 

7-05.  LUMBER: 


a.  Grading  and  Selection;  Grading  of  lumber  of  the  various 
species  shall  conform  to  the  requirements  of  Federal  Specifications 
MM-L-791.  Selection  of  lumber  for  the  use  intended  shall  be  approved 
by  the  Contracting  Officer. 
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b.  Sizes  and  Patterns:  Lumber  shall  be  surfaced  four  sides 
and  the  dressed  sizes  of  yard  5id  structural  lumber  shall  conform  to  the 
requirements  of  Department  of  Commerce  Sinplified  Practice  Recommendation 
R16-39. 

c.  Moisture  Content:  Unless  otherwise  permitted  by  the  Con¬ 
tracting  oTficer,  lumber  shall  be  either  aijvdried  or  kiln-dried,  and 
the  moisture  content  shall  not  exceed  19  percent* 

d.  Storage:  Lumber  delivered  to  the  site  shall  be  carefully 
piled  off  Ihe  iround  in  such  manner  as  to  insure  proper  drainage,  venti¬ 
lation,  and  protection  from  the  weather, 

7-06.  ANC  HDRS:  Anchors  shall  be  installed  where  specified,  shown, 

or  required  to  anchor  carpentry  to  masonry  or  concrete, 

7-07.  TMP0RAR![  COVERS;  Tenporary  timber  covers  shall  be  provided 
over  openings  in  the  structured  as  called  for  sn  the  drawings, 

7-08.  ACCESS  FACILITIES:  The  contractor  shall  provide  ladders, 
stairways  or  ramps  before  and  after  the  test  such  that  access  is  provided 
for  the  installation,  inspection  reading,  and  removal  of  the  instruments 
used  in  the  various  buildings.  The  contractor  shall  also  provide  either 
a  continuous  or  a  movable  scaffold  before  and  after  the  test  such  that 
access  is  provided  to  each  survey  point  as  shown  on  the  drawings.  The 
contractor  shall  develop  said  stairways,  ranps,  and  scaffolds  with  know¬ 
ledge  of  the  use  of  the  facility  and  the  entire  scheme  shall  be  subject 
to  the  approval  of  the  Contracting  Officer. 
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SECTION  8 

PAINTING;  PROTECTIVE 

8-01,  SCOPE:  The  work  covered  by  this  section  of  the  specif ica^ 
tions  consists  in  furnishing  all  plant,  labor,  equipment,  appliances, 
ahd  materials,  and  in  performing  all  operations  in  connection  with  pro¬ 
tective  painting  coir5>lete,  in  strict  accordance  with  this  section  of  the 
specifications  and  the  applicable  drawings,  and  subject  to  the  terms  and 
conditions  of  the  contract • 

8-402*  APPLICABLE  SPECIFICATIONS:  The  following  Federal  Specifica¬ 
tions  form  a  part  of  this  specification: 

TT-P-20.  Paint,  Blue  Lead  Base;  Basic  Sulphate, 

Linseed  Oil,  Ready  Mixed. 

TT-P-86.  Paint,  Red  Lead  Base;  Linseed  Oil 
Ready  Mixed* 

8-03.  GENERAL:  Unless  otherwise  ^ecified,  all  exterior  and  in¬ 
terior  ferrous  metal  except  protective  siding,  reinforcing  steel,  bolts, 
ro\®h  hardware,  and  such  parts  of  the  structural  steel  members  as  will 
be  in  contact  with  concrete,  shall  be  given  a  shop  coat  of  protective 
paint*  Paint  shall  conform  to  the  requirements  below,  subject  to  the 
approval  of  the  Contracting  Officer. 

8-OU.  MATERIAL: 

a.  Exterior  Type  Paint:  Paint  for  metal  except  as  otherwise 
noted  shalT  cohfora  to  the  requirements  of  Federal  ^ecification  TT-P-20 
or  TT-P-86. 


J 
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b*  Special  Paint;  Certain  areas  may  be  designated  to  be 
painted  for  phbxographic  purposes.  The  areas  to  be  painted  and  the  type 
of  paint  to  be  used  shall  be  as  directed  by  the  Contracting  Officer, 

8-0?.  APPLICATION:  Surfaces  to  be  painted  shall  be  thoroughly 
cleaned  of  scale,  dirt,  and  rust  by  the  use  of  steel  scrapers,  wire 
brushes,  sand  blast,  or  other  equally  suitable  tools  or  methods.  Oil 
and  grease  shall  be  removed  with  benzine  or  other  suitable  solvent. 

Paint  shall  be  kept  well  stirred  while  it  is  being  applied.  No  paint 
shall  be  used  after  it  has  c^ked  or  hai*dened.  Paint  shall  be  well  worked 
into  all  joints  and  corners.  Paint  shall  not  be  applied  to  danp  surfacea 


Ir 


406 


WU9-129-eng^Xl|8-U9-CE 


SECTION  9 
MISCEIiUNEOUS 

9-01*  INSTRUMENTATION:  The  work  covered  by  this  section  consists 
of  the  furnishing  and  installation  of  all  sleeves  and  anchors  necessary 
to  svsppovt  the  appliances  used  in  instrumentation.  Specific  detail 
requirements  shall  be  furnished  by  the  Contracting  Officer.  The  con¬ 
tractor  shall  furnish  and  install  all  survey  anchor  bolts  as  shown  on 
the  contract  drawings,  and  he  shall  provide  access  before  and  after  test 
as  previously  specified  in  Section  7-08, 

9-02.  LIVE  LOAD:  The  work  covered  by  this  section  consists  in 
furnishing  all  labor  and  materials  required  for  the  installation  of  the 
simulated  live  load  as  detailed  in  the  contract  drawings.  Certain  areas, 
as  designated  by  the  Contracting  Officer,  shall  be  left  open  for  instru¬ 
mentation  purposes.  The  live  load  shall  be  distributed  over  the  remain¬ 
ing  area  of  the  floor  so  as  to  average  100  p.s.f.  over  the  entire  area. 
After  the  test  the  Contractor  shall  furnish  labor  and  equipment  for  the 
clearing  of  such  floor  areas  as  may  be  designated  by  the  Contracting 
Officer. 


9-03.  SHELTER  DOORS:  The  contractor  shall  furnish,  fabricate, 
deliver  and  install  the  following: 

(a)  Structural  steel  doors  as  shovm  on  the  drawings  and  as 
specified.  He  shall  place  the  doors  in  position  and  make  all  necessary 
adjustments  in  order  to  put  them  in  satisfactory  operating  condition. 

(b)  One  hollow  metal  door  with  hardware  and  other  details  as 
called  for  on  the  drawings,  similar  and  equal  to  Dahlstrom  Metallic  Door 
Conpany.  The  contractor  shall  so  set  the  door  in  place  as  to  insure  a 
tight  fit  against  the  sponge  rubber  gasket. 

9-OU.  OORRUGATED  STEEL  SHEETS  FOR  UNDSRGROU!^  TEST  SHELTER:  The 
contractor  shall  furnish  and  erect  the  eteel  sheets  as  called  for  on  the 
drawings. 

Steel  Sheets  shall  be  AMCO  Inproved  IM.ti-plate  or  equal,  conform¬ 
ing  to  Federal  Specification  QQ-S-7U1*  The  plates  shall  be  punched  with 
13/16  /  holes  for  3/U  ^  bolts  as  shown  on  dra^rings.  The  plates  shall  be 
assembled  at  the  site  according  to  the  manufacturer's  recommendations. 
Uniform  support  shall  be  obtained  by  thoroughly  tamping  the  back-fill 
material  to  a  depth  of  3/U  of  the  pipe  diameter. 

9-05.  MEMBRANE  WATERPROOFING:  The  contractor  shall  furnish  and 
install  the  2-ply  membrane  waterproofing  in  connection  with  the  under¬ 
ground  test  shelter  where  called  for  on  the  drawings,  and  where  ordered 
by  the  Contracting  Officer.  The  waterproofing  fabric  and  asphalt  for 
mopping  coats  shall  conform  to  the  requirements  of  Federal  ^ecification 
HH-C-581  and  SS-A-666,  Type  III  respectively. 
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9-06.  SEALINQ  STSIPS;  Shall  be  furnished  and  placed  between 
buildings  and  at  other  locations  shown  on  the  drawings. 

The  fabric  shall  be  fibreglass  woven  into  Hess-Goldsmith  White 
Fabric  No.  182  or  equal,  thickness  .013  inches,  12.1*  oz.  per  square 
yardj  min.  ave.  breaking  strength  1*1*0  lbs.  per  inch  on  waip  and  1*00  lbs. 
per  inch  on  fill. 

Sealing  strips  between  buildings  shall  be  made  of  two  layers  of 
fabric  at  the  frcmt  wall.  All  other  joints  shall  be  sealed  with  a 
single  layer  of  fabric. 

Edges  of  fabric  shall  be  rolled  over  hen?)  twine  confonning  te 
Federal  ^ecification  T-T-901a,  and  clamped  to  the  structure  by  struc¬ 
tural  steel  angles,  drilled  for  anchor  bolts  where  attached  to  concrete, 
or  for  bolting  to  structural  steel.  A  one-eighth  inch  plywood  cushion 
strip  shall  be  provided  for  clanping  directly  to  the  concrete. 

Filler  blocks  under  fastening  clanps  shall  be  provided  vdiere  con¬ 
nections  are  made  to  V-beam  metal  or  currugated  asbestos  siding. 
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SECTION  A1 


i 


ADDENDUM  NO.  1 


t 


TO 

TECHNICAL  SPECIFICATIONS 


t 

c 


i 


1.  PAGE  A6-2^12  section  A6-2-20 .b  (1)  Concrete  Covering  Over  Steel 
ReInForcingj 

Change  line  (b)  to  read  "Columns  -  as  shown  on  drawings" 

2.  PAGE  A6-5-2  SECTION  INSPECTION  AND  TESTS: 

Omit  the  second  paragraph  and  insert: 

"Two  test  specimens  for  determining  the  average  yield  point 
stress  shall  be  obtained  from  each  rolling  of  each  structxiral 
steel  section  to  be  used  for  columns  in  buildings  number  2  and  6. 

Two  test  specimens  shall  also  be  obtained  from  each  rolling  of 
each  structural  steel  section  to  be  used  for  wall  girts  in  build¬ 
ings  number  2  and  6.  Each  test  specimen  shall  be  at  least  eighteen 
inches  long*  Each  specimen  shall  be  numbered  and  a  drawing  or  sketch 
be  made  to  locate  the  position  in  the  building  of  all  members  for 
which  the  specimen  is  representative.  The  specimens  and  location 
sketch  shall  be  forwarded  by  the  contractor  to  a  testing  laboratory 
as  directed  by  the  Contracting  officer*" 

3.  PAGE  A6-7-1  SECTION  7-02*  APPLICABLE  SPECIFICATIONS; 

To  paragraph  b*  Department  of  donmierce  J^blicati^  add: 

CS  U5-I42  ““  Douglas  Fir  Plywood,  Commercial  Standard 

k.  PAGE  A6-9-1  SECTION  9-02*  LIVE  LOAD: 

Add  the  following : 

Such  special  precautions  shall  be  taken  in  the  vicinity  of  the 
open  areas  to  prevent  shifting  of  the  live  load  during  the  test 
and  to  protect  the  instruments  and  instrument  supports  from  damage 
as  may  be  required  by  the  Contracting  Officer* 

5*  PAGE  A6-9-1  SECTION  9-03*  SHELTER  DOORS: 

Add  the  following: 

(c)  Two  wood  doors  with  hardware  and  other  details  as  called 
for  on  the  drawings.  These  doors  shall  conform  to  Department  of 
Commerce  Publication  CS120-U6,  Standard  Stock  Ponderosa  Pine  Doors 
and  shall  be  made  in  accordance  with  the  latest  standard  specifica¬ 
tion  of  the  National  Door  Manufacturers*  Association.  The  doors 
shall  be  of  the  design  and  size  indicated  on  the  drawings  and  they 
shall  be  fabricated  in  accordance  with  the  best  practice  of  the 
trade,  with  all  joints  properly  formed,  tightly  fitted  and  glued* 

The  doors  shall  receive  such  treatment  to  prevent  deterioration 
as  may  be  required  by  the  Contracting  Officer.  Top  and  bottom 
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edges  shall  receive  one  coat  of  spar  varnish  at  the  factory  before 
shipment. 

Boors  shall  be  hung  by  the  contractor  as  indicated  on  the  draw¬ 
ings  and  to  provide  1/46  inch  clearance  on  the  sides  and  top  and 
3/16  inch  clearance  over  the  thresholds.  The  contractor  shall  also 
set  the  door  to  ensure  a  tight  seal  on  alll  four  edges  as  shown  on 
drawings* 

Doors  shall  be  hung  and  trimmed  with  hardware  conforming  to 
Federal  Specification  FF-H-IO6  and  FF-H-ll6b  and  as  shown  on  the 
drawings* 


6*  PAGE  A6-9-1  SECTION  9-OU  CORRUGATED  STEEL  SHEETS  FOR  UNDERGROUND 


To  the  second  paragraph  adds 

"Before  backfilling,  the  vertical  diameter  of  the  pipe  shall  be 
elongated  by  strutting  in  accordance  with  the  manufacturers  recora- 
mendations  so  as  to  obtain  three  percent  elongation  of  the  vertical 
diameter.  Struts  shall  not  be  removed  until  the  entire  operation 
of  backfilling  is  ccmiplete.  " 


4 

j 


I 
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APPENDIX  7 


DETAILED  COITSTRUCTIQN  DRAWD^GS 

The  drawings  listed  here  are  reproduced  in  VTT-SO  (REP) ,  Parts  I  and 
II,  and  may  he  seen  by  referring  to  it.  The  page  numbers  given  here  are 
for  that  report. 

Drawing  Ho.  Sheet  Ho.  Title  Page 

60.09-06  1  Key  Plans  and  Elevations  of  Multistory 

Buildings  .......  61 

n  2  Buildings  Nos,  1  and  7,  Concrete  Plans  and 

Details  .......  62 

«  3  Buildings  Nos.  1  and  7,  Interior  Wall  Ele¬ 
vations,  Sections  and  Details  ...  63 

n  4  Building  No.  1,  Test  Panels — Elevations 

and  Details  .  #  .  «  .  64 

M  5  Building  No.  7,  Test  Panels — ^Elevations 

and  Details  ...«*•  65 

«  6  Buildings  Nos.  2  and  6,  Concrete  Plans  and 

Details  .  .  ,  .  .  .  .  66 

n  7  Buildings  Nos.  2  and  6,  Structural  Sections 

and  Details  ......  67 

H  8  Buildings  Nos,  2  and  6,  Wall  Elevations, 

Sections  and  Details  ....  68 

H  9  Buildings  Nos.  3  and  5,  Concrete  Plans  and 

Details  .......  69 

n  10  Building  No,  4,  Concrete  Plans  and  Details  .  70 

11  Buildings  Nos.  3,  4,  and  5,  Wall  Elevations, 

Sections  and  Details  ....  71 

w  12  Buildings  Nos.  3,  4,  and  5,  Column  Schedules, 

Wall  Elevations  and  Details  .  .  .  72 

II  13  Location  Plan  for  Survey  Points  and  Access 

Ways  ........  73 

50-09-11  1  Underground  Test  Shelter — General  Plan, 

Sections  and  Details  ....  74 

n  2  Underground  Test  Shelter— Concrete  and 

Reinforcing  Details  .  .  .  .  .  75 

II  3  Underground  Test  Shelter,  Door  Details  .  76 
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